On the Design and Development of Musculoskeletal Bipedal Robots by Scholz, Dorian
On the Design and Development of
Musculoskeletal Bipedal Robots
Vom Fachbereich Informatik der
Technischen Universität Darmstadt
zur Erlangung des akademischen Grades eines
Doktor-Ingenieurs (Dr.-Ing.)
genehmigte
Dissertation
von
Dipl.-Inform. Dorian Scholz
(geboren in Frankfurt am Main)
Referent: Prof. Dr. Oskar von Stryk
Korreferent: Prof. Dr. André Seyfarth
(Institut für Sportwissenschaft, Technische Universität Darmstadt)
Tag der Einreichung: 21.07.2015
Tag der mündlichen Prüfung: 18.08.2015
D17
Darmstadt 2016
Please cite this document as
URN: urn:nbn:de:tuda-tuprints-56287
URL: http://tuprints.ulb.tu-darmstadt.de/5628/
This document is provided by tuprints,
E-Publishing-Service of the TU Darmstadt
http://tuprints.ulb.tu-darmstadt.de
tuprints@ulb.tu-darmstadt.de
Contents
1 Introduction and Motivation 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Goals of this Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
2 Related State of the Art in Bipedal Robots 5
2.1 Bipedal Robot Actuation and Locomotion . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Musculoskeletal Bipedal Robots: Design and Parameter Optimization . . . . . . . . . . . 6
2.3 Evaluation of Basic Motion Functionalities of Musculoskeletal Robots . . . . . . . . . . . 8
2.4 Electronic Control System Architecture for Bipedal Robots . . . . . . . . . . . . . . . . 8
3 System Requirements for a Prototype Series of Elastic Robots 11
3.1 Requirements for Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.1.1 Joint Level Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.1.2 Gait Level Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2 Requirements on the Electronic System . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2.1 Sensor Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.3 Requirements for Monitoring, Configuration and Analysis . . . . . . . . . . . . . . . . . 17
3.4 Requirements on the Software Architecture . . . . . . . . . . . . . . . . . . . . . . . . 18
4 Software and Hardware Design Considerations and Developments 21
4.1 BioBiped Robot Series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.2 Design Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.3 Mechanical Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.4 Electronic Control Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.4.1 New Approach for the BioBiped Series . . . . . . . . . . . . . . . . . . . . . . 24
4.4.2 Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Rotary Position Encoders . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Motor Position Encoders . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
Inertial Measurement Unit . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
Ground Contact Forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
Spring Forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.4.3 Actuators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.5 Software Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.5.1 Used Existing Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.5.2 Own Software Developments Released as Open Source . . . . . . . . . . . . . 28
4.5.3 Hardware Abstraction Layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.5.4 Control Component . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.5.5 Monitoring and Configuration Interface . . . . . . . . . . . . . . . . . . . . . . 29
i
4.5.6 Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.6 Functional Evolution of the BioBiped Generations . . . . . . . . . . . . . . . . . . . . . 31
4.6.1 Mass and Inertia Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.6.2 Foot Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.6.3 Actuated Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Knee Flexor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Biarticular Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
Hip Actuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.6.4 Transmission Ratios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.7 Evolution of the Robustness and Maturity of the BioBiped Generations . . . . . . . . . . 35
4.7.1 Rope Guiding Pulleys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.7.2 Roll Joints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.7.3 Joint Bearings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.7.4 External Constraining Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.7.5 Mechanical Robustness of the Foot . . . . . . . . . . . . . . . . . . . . . . . . 37
4.7.6 Repeatable Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.7.7 Electronic Control System Design . . . . . . . . . . . . . . . . . . . . . . . . . 38
5 Control Concepts for Musculoskeletal Bipedal Robots 39
5.1 Gait Level Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
5.1.1 Requirements and Challenges for Gait Level Control of Musculoskeletal Robots . 39
5.1.2 Approaches for Gait Level Control . . . . . . . . . . . . . . . . . . . . . . . . . 39
Optimal Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
Parameterized Trajectory . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
State Machines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
State Machines Developed for BioBiped . . . . . . . . . . . . . . . . . . . . 41
5.2 Joint Level Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.2.1 Requirements and Challenges for Joint Level Control of Musculoskeletal Robots . 42
5.2.2 Joint Level Control Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . 42
Feedback Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
Feed-Forward Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
Bio-Inspired Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.3 Model Based Feed-Forward and Bio-Inspired Control . . . . . . . . . . . . . . . . . . . 43
5.3.1 Learned Inverse Dynamics Model . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.3.2 Feed-Forward Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.3.3 Bio-Inspired Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.3.4 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.3.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
6 Experimental Evaluation of Basic Functionality 51
6.1 Description of Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
ii
6.1.1 Passive Rebound . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
6.1.2 Single Push-Off . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
6.1.3 Synchronous Hopping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
First Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Second Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
6.1.4 Alternate Hopping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
6.1.5 Perturbed Hopping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
6.2 Evaluation of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
6.2.1 Mechanical Robustness of the System . . . . . . . . . . . . . . . . . . . . . . 58
6.2.2 Energy Restitution of the Elastic Leg . . . . . . . . . . . . . . . . . . . . . . . 60
6.2.3 Actuation System Dimensioning . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6.2.4 Exploitation of the System’s Eigenfrequency . . . . . . . . . . . . . . . . . . . 61
6.2.5 Robustness of Motions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
7 Expert Guided Hardware-in-the-Loop Motion Optimization for Musculoskeletal Bipedal
Robots 63
7.1 Motivation and Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
7.2 Conventional Approach of Hardware-in-the-Loop Optimization applied to BioBiped1 . . . 64
7.2.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
7.2.2 Evaluation Criterion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
7.2.3 Parameter Space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
7.2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
7.2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
7.3 New Concept for Expert Guided Hardware-in-the-Loop Motion Optimization for Muscu-
loskeletal Bipedal Robots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
7.3.1 State of the Art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
7.3.2 Expert Guided Optimization by Example . . . . . . . . . . . . . . . . . . . . . 71
Definition of Motion Goal and Optimization Settings . . . . . . . . . . . . . . 72
Design of Simulation Experiments . . . . . . . . . . . . . . . . . . . . . . . 74
Visualization and Interpretation of Simulation Results . . . . . . . . . . . . . 74
Expert Guided Robot Experiments . . . . . . . . . . . . . . . . . . . . . . . 77
7.3.3 Comparison to Surrogate Based Optimization Method . . . . . . . . . . . . . . 78
7.3.4 Discussion of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
7.3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
8 Conclusion 83
Bibliography 89
Own Publications 97
iii

List of Figures
1.1 Examples of bipedal robots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
3.1 Controller diagram SISO/MIMO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2 Musculoskeletal and conventional joint actuation with sensors . . . . . . . . . . . . . . . 15
4.1 BioBiped robot generations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.2 Elastic structures used in musculoskeletal robots . . . . . . . . . . . . . . . . . . . . . 23
4.3 Control system bus and data flow diagrams . . . . . . . . . . . . . . . . . . . . . . . . 25
4.4 Configuration and monitoring GUI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.5 Analysis GUI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.6 Control system bus of the three BioBiped generations . . . . . . . . . . . . . . . . . . . 36
5.1 Bio-Inspired control training data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.2 Bio-Inspired control diagrams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.3 Bio-Inspired control experiment photos . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.4 Bio-Inspired control trajectories 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.5 Bio-Inspired control trajectories 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.6 Bio-Inspired control position errors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
6.1 Passive rebound experiment photos . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
6.2 Passive rebound vertical GRF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
6.3 Single push-off experiment photos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
6.4 Single push-off experiment vertical GRF . . . . . . . . . . . . . . . . . . . . . . . . . . 54
6.5 Synchronous hopping state machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.6 Synchronous feed-forward hopping plot . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.7 Synchronous feedback hopping plot . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
6.8 Alternate hopping state machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
6.9 Alternate hopping timing diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
6.10 Alternate feed-forward hopping plot . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
6.11 Perturbed hopping experiment photos . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
6.12 Perturbed hopping plot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
7.1 Role of GAS robot setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
7.2 Role of GAS evaluation criterion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
7.3 Role of GAS result plots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
7.4 Role of GAS robot setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
7.5 Expert guided optimization workflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
7.6 Expert guided simulation results overview . . . . . . . . . . . . . . . . . . . . . . . . . 76
7.7 Expert guided optimization simulation results . . . . . . . . . . . . . . . . . . . . . . . 76
v
7.8 Expert guided optimization robot results . . . . . . . . . . . . . . . . . . . . . . . . . . 78
7.9 Expert guided optimization result comparison . . . . . . . . . . . . . . . . . . . . . . . 79
vi
List of Tables
3.1 Sensor data and derived data required for different control and analysis concepts. (CoM:
center of mass, GRFs: ground reaction forces) . . . . . . . . . . . . . . . . . . . . . . 16
4.1 BioBiped robot generations specification . . . . . . . . . . . . . . . . . . . . . . . . . . 24
6.1 Evaluation of basic functionalities through experiments . . . . . . . . . . . . . . . . . . 51
6.2 Basic evaluation parameter values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
7.1 Role of GAS parameter values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
7.2 Expert guided optimization parameter values . . . . . . . . . . . . . . . . . . . . . . . 74
7.3 Expert guided optimization best results . . . . . . . . . . . . . . . . . . . . . . . . . . 80
vii

1 Introduction and Motivation
1.1 Motivation
Even though bipedal walking and running are tasks which are solved by humans every day,
achieving a similar performance with a robotic system is difficult. While current bipedal
robots can perform walking and slow jogging motions, they cannot for example run a
marathon like humans can. To gain efficient, robust and versatile locomotion for bipedal
robots a diverse set of scientific and technological problems need to be solved. Bipedal lo-
comotion, especially running, includes impacts of the feet on the ground leading to impact
shocks in all leg joints. This requires high robustness and good shock absorption of the me-
chanics as well as appropriate trajectories to ease these impacts. But many of today’s bipedal
robots are still using a rigid coupling between actuators and joints [21, 30] (e.g. Figure 1.1
(a) and (b)), which gives them good control over the joint trajectories, but also makes the
actuators subject to these impact shocks. Furthermore, to increase efficiency, the energy of
the impact forces need to be transferred into propulsion for the next step. Both, mechanical
robustness and energy efficiency, can be improved in principle using mechanical elasticity
as can be seen in biological legged systems [1, 3, 37]. To cope with the additional complexity
and challenges introduced by the elasticity, the mechanical design and the control need to be
highly adapted to it. Furthermore, a mechanical design that not only includes joint elasticity,
but rather a musculoskeletal design with additional biarticular structures spanning over two
joints, can significantly improve performance [7] if properly designed. The resulting passive
dynamics can aid motion control. However, proper design is crucial and is a challenging task.
To leverage the potential of a combined passive mechanical and active digital control, both
of them need to be carefully developed and optimized together systematically to deliver the
desired output performance of the robot. Only then will it be possible to achieve the highly
challenging task of performing efficient, versatile and fast locomotion with robust postural
stability with a bipedal humanoid robot.
1.2 Goals of this Work
To advance the state of dynamic locomotion with musculoskeletal bipedal robots work has
been done in multiple areas.
In Chapter 2 of this thesis an overview of the state of research in fields relevant to this work
is given outlining the design concepts as well as mechanical considerations for the develop-
ment of musculoskeletal robots.
Next the requirements on the system and software architecture needed for the control and
monitoring of a prototype series of musculoskeletal robots are derived in Chapter 3. Here it
is found that a prototype series of musculoskeletal robots requires a different approach on
1
(a) HRP-4
Source: KAWADA, Inc.
(b) ASIMO
Source: Honda, Ltd.
(c) Athlete
Source: [47]
(d) Hosoda’s biped
Source: [23]
(e) BioBiped2
Source: own photo
Figure 1.1: Examples of conventional (a, b) and musculoskeletal (c, d, e) bipedal robots.
system and software architecture design compared to what is used for conventional legged
robots. Since the musculoskeletal leg design based on tendon driven series elastic actua-
tors [52] with additional biarticular structures is much more complex than for conventional
rigid robots, common approaches to design and control are not well applicable. Also, in a
prototype series the robots’ specifications will be changing over multiple generations. These
include fundamental properties such as the number of joints and actuators as well as types
and number of sensors. Furthermore, the amount of sensors is larger to allow collecting more
comprehensive data about the robot’s motions. These data are used to analyze its behavior
and lead to design decisions for the next prototype generation. The control system architec-
ture must be flexible to enable investigation of an unusually large variety of different con-
trol methods for research purposes (ranging from conventional cascades of single-variable
to novel multi-variable feedback as well as to novel feed-forward control concepts). Because
only controlling all actuators at full control rate with knowledge of all low-level sensor data
allows accounting for the dynamic interactions of the different links additionally coupled by
biarticular structures. As this robot prototype series also functions as a testbed for hypothe-
ses from biomechanics the control system has to be flexible enough to allow the implemen-
tation of different control approaches, including biological inspired control concepts.
In Chapter 4 the design decisions for the BioBiped robot series’ hardware and software
components based on the aforementioned requirements are described. It further discusses
the reasoning behind changes made between the different generations of the robot in the
evolution of the prototype series based on results from the systematic evaluation of basic
functionalities of the robot described in Chapter 6. Also, an overview of the implementa-
tion of the software components is given, including the technologies used and the newly
developed development tools published as open source.
Chapter 5 evaluates different control concepts with respect to their applicability to the
musculoskeletal BioBiped robots. On the gait level, control is investigated based on state
machines realizing different motions with state transitions based on time or sensor input
data while on the joint level values measured by different sensor inputs can be used as con-
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trolled variable. The concepts include standard control approaches like PD motor or joint
position control, novel feed-forward generated motor voltage trajectories based on learned
models and combinations of both. With the combined feedback and feed-forward control a
biologically inspired control with a high latency feedback component is also investigated.
To show the validity of the mechatronical design of the robot, the software architecture
and the control concepts developed in this work, systematic experiments were performed
with two different robot prototypes in Chapter 6. These experiments are designed to sys-
tematically evaluate the robots’ basic functionalities to allow for improvement of the current
and next robot generations. The first experiments investigate the basic motion abilities of
the robots’ mechanical design and its actuation system with respect to performing dynamic
bouncy motions, which is a requirement to achieve the goal of jogging. Further, it is inves-
tigated if the robots are capable of thrusting themselves off the ground and maintaining a
bouncing gait over time, even when externally perturbed.
In Chapter 7 a new concept for implementing hardware-in-the-loop motion optimization
of motion relevant parameters for bipedal musculoskeletal robots is presented. So far the
fine-tuning of parameters of the design of the mechanics and the control system of muscu-
loskeletal robots has been mainly based on trial and error experiments with the robot hard-
ware [23, 47]. This is caused by the difficulties of the development of sufficiently accurate
multibody system (MBS) models for simulation of dynamic motions of a musculoskeletal
robot. Even though a highly advanced MBS dynamics simulation model has been developed
for the BioBiped robots used in this work [61], it is not enough to optimize only in simula-
tion. The still limited ability of such models to sufficiently accurately represent all relevant
properties and aspects of the real robot prototype and the resulting gap between simulation
and real motion behavior prevent direct transfer of the results to the robot (see for example
differences in Figure 7.3 and further details in Section 7.1). Further, the hardware of a robot
prototype changes over time through new mechanical developments, but also due to wear
of the mechanics during operation. So keeping the simulation model updated with these
changes would be required in addition to constantly repeating the tedious process of system
identification.
On the other hand, using only trial and error for the design of mechanics and control sys-
tem for a musculoskeletal robot will not lead to an optimal solution due to the complexity
of the system. With established optimization methods in a hardware-in-the-loop setup, it is
possible to determine a reasonably good solution, but the number of robot experiments this
requires makes it practically infeasible.
Therefore, the new concept described in Chapter 7 uses the simulation model only as
means to reduce the number of robot experiments needed during the hardware-in-the-loop
optimization. This is achieved using an expert to interpret the simulation results based on his
biomechanical understanding of the robot to help guide the parameter optimization process.
The thesis closes with a conclusion in Chapter 8.
3

2 Related State of the Art in Bipedal Robots
Many of the bipedal robots that exist today are designed as rigid kinematic chains with stiff
actuation systems [21, 30] in contrast to biological systems, which are powered by highly elas-
tic muscle-tendon actuation units. Stiff rotary joint actuators are often preferred as they can
be controlled using well-known and proven control strategies for precise motions and high
repeatability. Based on these motor control concepts, control strategies for dynamic postural
stability (e.g. ZMP [84]) with high frequency closed-loop controllers were developed using
joint position, torque and contact forces as feedback. This approach led to legged robots
able to perform dynamically stable walking and even slow jogging motions in structured,
well-defined environments. But these robots without mechanical compliance and elasticity
can be damaged through unplanned contact with the environment and have no means of
storing impact energy from ground contacts and releasing it in the next gait cycle. In order
to achieve more robust locomotion on uneven ground and to develop faster running mo-
tions with this conventional approach, even higher control rates and power output would be
needed.
In the human locomotor system these requirements are solved using compliant and elastic
muscle-tendon complexes as actuators. Implementing these in a robotic system through se-
ries elastic actuators leads to a joint-elastic robot (e.g. M2V2 [53]). This adds passive protec-
tion of the motors and gears from impacts [33] and bears the potential to store energy in the
elastic elements. But the added elasticity also has unwanted effects like oscillations, possible
joint over-extension and reduced precision in joint position tracking. Due to the oscillations
introduced by the added elasticity, the complexity of the control system necessary for such
joint-elastic robots is highly increased. While high precision and repeatability as required
for stiff robot arms is not needed for running and walking, it requires fast synchronization of
joint motions in a robust manner and also being able to compensate for disturbances (like
from uneven ground).
One element of the solution to reduce the complexity needed in the control system can also
be observed in the human locomotor system. Besides the mono-articular muscles attached
to each joint, additional biarticular muscles spanning over two joints are found in the human
leg [26, 88]. They help to synchronize joint movements and distribute power between joints
[15, 28, 83]. These functionalities can be implemented in a robotic system as active or passive
biarticular elastic elements leading to a musculoskeletal robot design. A musculoskeletal
robot can potentially use these positive effects of the biarticular structures, but needs to be
carefully designed and controlled in order to do so. If not setup properly the addition of
biarticular structures, which leads to an even more complex mechanical system with multi-
joint coupling, needs an even more complex control strategy. So great care has to go into the
design and setup of these structures to actually make use of their positive potential. A new
approach to the efficient setup of these structures is investigated in Section 7.3.
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2.1 Bipedal Robot Actuation and Locomotion
Early research on bipedal robots was done in Japan at Waseda University with the WL and
WABIAN robot series [35], producing the first humanoid robot to perform dynamically stable
walking based on zero-moment point (ZMP, [84]).
Prominent developments took place at the Honda Motor Company leading to the well
know ASIMO robot series [20, 21, 76]. Recently, dynamically stable autonomous walking
robots were presented, which can jog with a small flight phase [21, 29] or hop on one leg.
Nevertheless, these models have rigid actuation without any intentional mechanical elastic-
ity and walk with flexed knees. This leads to high energy consumption and very little energy
transfer between strides. Other well-known examples of rigid fully actuated robots based on
ZMP are Johnnie [13] and the HRP series [30].
A different approach is used in so-called passive dynamic walkers, introduced by McGeer
[44]. Through appropriate mechanical design they can walk dynamically stable down a slope
without active control or additional energy input. Variants with active energy input exist,
which can walk on flat ground. While performing their motion very energy efficient, they
have a very limited area of stability and lack the versatility known from human locomotion.
A series of dynamically stable hopping robots was developed at the MIT Leg Lab by Raibert
and his team [63]. They maintain their stability by controlling the leg landing angle and leg
thrust for each ground contact. Although they are stable at highly dynamic motions, these
robots have elastic telescopic legs without feet, making it impossible for them to stand still.
A state machine is used to switch between different control outputs for the legs’ actuators
depending on the current phase of the gait cycle.
The robot MABEL also features elasticity, but on a two-segmented leg without feet [14].
Here the elasticity is implemented using leaf springs and a wire transmission to couple hip
and knee joints. This allows one actuator to control the leg length while another one controls
the leg angle, making it similar to Raibert’s hopping robots from a control perspective. While
MABEL’s control system also utilizes a state machine, it is not used for trajectory generation,
but rather for transitions between different controllers for different states of instability [50].
2.2 Musculoskeletal Bipedal Robots: Design and Parameter Optimization
Only a few musculoskeletal bipedal robots designs have been investigated so far.
Hosoda and his team developed and evaluated musculoskeletal robot leg designs with
pneumatic actuation (for example Figure 1.1(d)). The bipedal design described in [23] was
able to perform feed-forward based walking, jumping and a short sequence of running steps
using antagonistic mono-articular actuators. For each motion performed, the motion pa-
rameters were set up using manual tuning without utilizing a simulation model or an opti-
mization method.
In [22] the development of a monopod is described, which is activated using biarticular
structures passively for joint coordination and mono-articular muscles to induce power.
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A hopping motion was generated using a central pattern generator to activate the mono-
articular muscles with feed-forward control based on observation of human motion. No
simulation model was used according to the publications, but rather direct tuning of pa-
rameters on the robot. This was performed in a manual trial and error fashion based only on
data from an external motion capture system, no internal sensor data of the robot was used.
A new bipedal robot is presented in [38] where it is used to evaluate the improvement of the
robustness of a hopping motion through muscle reflexes. Hundreds of robot experiments
were needed to evaluated the effectiveness of the reflex, as again no simulation model was
used.
Niiyama et al. also developed pneumatic bipedal musculoskeletal robots in [47, 48]. A sim-
ulation model was used in [48] to adapt human muscle activation patterns to fit the Athlete
robot (Figure 1.1(c)). But still the motion was manually tuned on the robot afterwards.
In [75] the highly underactuated musculoskeletal JenaWalker II robot (Figure 4.1(a)) is de-
scribed, with three-segmented legs powered by a single DC-motor at the hip using sinusoidal
patterns. It uses additional servo motors to adjust the rest lengths of its passive biarticu-
lar structures allowing it to change the leg posture. The knee and ankle joints are actuated
through passive couplings with the hip using wires and springs. It was shown that the robot
is able to perform walking and jogging motions on a treadmill, while being externally re-
stricted to movement in the sagittal plane. To achieve this, manual tuning of the parameters
of the passive structures was needed.
The insights gained from the JenaWalker robots are the basis for the design of the BioBiped
robot series used in this work. The BioBiped robots also feature a musculoskeletal design,
but fully actuated with at least one motor per joint. The tendon driven series elastic actu-
ation also uses DC-motors, which are more precise to control and easier to monitor than
pneumatic actuators. Further, the BioBiped robots feature a large number of internal sensors
for control and also analysis of the motions as described in Chapter 4.
While a simulation model was used in the design phase of the BioBiped1 robot for the actu-
ator dimensioning [62], the first motion experiments on the robot described in [60] still used
manual selection for adjustable hardware parameters, like spring stiffnesses and lever arm
lengths. Since then a detailed multibody system dynamics simulation was developed for the
BioBiped robot series in [61]. But a direct transfer of simulation results to the robot is still
not possible due to the limited ability of such models to represent the real robot sufficiently
accurate with all relevant properties. As the number of parameters of musculoskeletal robots
is higher than for conventional rigid robots, a hardware-in-the-loop parameter optimization
on the robot would be expensive with respect to time needed for experiments and also wear
on the robot prototypes. Therefore, an approach is needed to systematically use knowledge
gained in the simulation to make the parameter optimization on the robot more efficient.
This thesis presents such a systematic approach to parameter optimization on the hardware
for musculoskeletal robots in Section 7.3.
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2.3 Evaluation of Basic Motion Functionalities of Musculoskeletal Robots
During development of a new robotic system it is important to test and evaluate its basic
functionalities like mechanical robustness or the actuator system dimensioning. In case
of elastic musculoskeletal bipedal robots also parameters like the passive energy restitution
through the elastic structures are relevant. Unfortunately publications about the evaluation
of basic functionalities for musculoskeletal robots are rare. Only for the Athlete robot an
experimental evaluation of the mechanical robustness against a drop from a height of 1 m is
described in [47]. But the robot is in a configuration, where it only damps the fall and does not
rebound off the ground. So no data for energy restitution or ground reaction forces (GRFs)
are given.
In this thesis a systematic approach for the evaluation of basic functionalities for the mus-
culoskeletal BioBiped robots is presented and its results are described in Chapter 6.
2.4 Electronic Control System Architecture for Bipedal Robots
The most common approach when designing electronic control systems for robots is a hier-
archical control architecture which uses micro controller units (MCUs) for individual motor
control and sensor processing and connects them via a bus system to a central control sys-
tem responsible for higher level tasks like set point or trajectory generation. Usually each
MCU controls a single joint motor using position, speed or torque control based on a set
point given by the central control system. The controlled variable is either read directly from
a sensor or derived from processed sensor data on this MCU. This allows the motor control
loop to run locally at a high rate and with hard real-time constraints on the MCU, while the
central control system updates the set point on a less frequent basis via the bus system. While
this type of hierarchical control relaxes the real-time constraints on the central control sys-
tem and does not require a high bandwidth nor a low latency bus system for the set point
updates, it does not allow for full multi-variable control, as each MCU only knows about the
sensor data from its own motor and joint.
Still, this approach is used in many current bipedal robots as for example Johnnie [39],
where on a computer desired position or torque trajectories for the joints are generated at
a rate of 250 Hz. Distributed micro controllers implement the control for the motors at a
control rate of 2.5 KHz using feedback data only from their directly connected joint position
or force sensor.
In many conventional rigid bipedal robots, digital servo motors are used. They already
include the MCU with an integrated feedback controller logic and offer only a low bandwidth
bus system interface which does not allow for an external central controller to directly control
the motor. Examples of this type of control architecture with digital servo motors with their
own MCU performing local control tasks can be found in many robots currently available [17,
72, 87].
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To enable true multi-variable control as a research opportunity, which can also be model
based, a new control system architecture is presented in Section 4.4. Based on this different
control concepts are investigated in Chapter 5.
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3 System Requirements for a Prototype Series of Elastic Robots
The system used to control and monitor a robot consists of electronic components like sen-
sors, actuators and processing units (like micro controllers and PCs) as well as the control
software. Depending on the system setup the software can be run on one or multiple of
the different processing units used to process sensor data in different ways. The require-
ments for a control system to be used in a series of musculoskeletal robot prototypes which
function as scientific testbeds are different from the control of an already developed robot
performing well defined tasks. On a development platform not as much information about
the setup of the robot and its desired motions is known in beforehand. Over the course of
developing different hardware generations the sensor and motor system will change as well
as the desired motions and the applied control concepts. Therefore, a more flexible setup
of the control system is needed in order to reuse the developed components in later robot
generations. Further, the primary goals for such a development system not only include the
control of the robot prototypes. Also, gathering of sensor data relevant for the detection of
undesired behavior and for the development process of the next robot generations is of high
importance.
Sensor data are used in the following scenarios with different requirements:
• control of the robot under hard real-time constraints
• live monitoring of the robot by the operator under soft real-time constraints
• recording of data for later offline analysis
Due to the ongoing hardware development the number and type of the actual sensors and
actuators is not known at the start of the system development and will change over time as
will the evaluation criteria and use of the sensor data. For example from one generation to the
next new joints and actuators could be introduced and need to be monitored and controlled
using additional sensor data.
When using elastic actuation one also requires several times as many sensors than in rigid
systems to measure the state of each actuator and joint, e.g. position sensors before and
after the elastic element (compare Figure 3.2(a) to Figure 3.2(b)). Further, to allow for a more
comprehensive analysis of the system’s behavior during development, such a development
platform typically has more sensors and generates measurements at a higher sampling rate
than are actually needed for the control.
Therefore, a flexible system architecture with a high bandwidth bus system is needed to
be able to quickly integrate new sensors and also change the way data are used for control.
Recording of all available raw sensor data is important to be able to process and analyze them
using different algorithms later on. Analyzing these data plays an important role in improving
the mechanics, the control concepts and the control parameters for the current system, but
11
also in the planing of the next prototype generations. Processing of these raw data in real-
time into physical units and calculating derived data is important for model based control
approaches. Also, these converted data can be used for offline analysis e.g. in comparison
with human motion data.
3.1 Requirements for Control
In conventional robots with stiff couplings of actuators and joints and a one-to-one mapping
of joints to actuators typically local joint level controllers are used. One for controlling each
actuator based on the sensor data from its corresponding joint (single-input single-output
(SISO) shown in Figure 3.1, see also ’Independent Joint Control’ in [5]). These local joint level
controllers usually get set points for e.g. desired joint position, speed or torque from a gait
level controller.
In a musculoskeletal robot the actuator to joint mapping is more complex due to the antag-
onistic setup, the use of biarticular structures and the highly elastic coupling between them.
To be able to control such a system where especially during dynamic motions each joint is in-
fluenced by multiple actuators a coordinated interplay between the controllers of all involved
actuators is required. For such a complex system a true multi-variable controller (multiple-
input multiple-output (MIMO) shown in Figure 3.1) is needed which can control trajectories
for all actuators based on the input from all sensors of all joints. Furthermore, the multi-
variable controller needs some model knowledge to be able to take advantage of the system’s
dynamic properties. This model knowledge can be implemented as an inverse dynamics
model derived through mathematical methods or it can be learned based on system identifi-
cation data. While the former allows for a description of the system’s behavior in its complete
range of motions, it is very difficult to create a model of sufficient quality for such complex
elastic robots. A learned model on the other hand can be very accurate in the motions used to
teach the model, but is less reliable when extrapolating to other motions. So, a combination
of derived and learned models could be a viable approach.
Besides the control of the actuators, the generation of goal trajectories for the overall leg
is an essential part in the motion generation process. Even though this is also relevant for
conventional robots, it is even more important for elastic robots. Their dynamics can be
used to their advantage only when the planing of the trajectory is done with respect to the
elastic properties of the system. With the use of an inverse dynamics model in the trajectory
planing, the system can also perform motions using feed-forward control with only a small
amount of feedback control for corrections. This is a similar approach to what can be seen
in human motion generation, where the feedback loop via the nervous system is too slow for
feedback control of fast motions. Instead, a very accurate inverse dynamics model learned
over many repetitions is used to improve trajectory generation and feed-forward control of
highly dynamic motions.
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Figure 3.1: Diagram of generic single-input single-output (SISO) and multiple-input multiple-output
(MIMO) controllers. In the MIMO controller, the transfer function G generates multiple out-
puts Y depending on multiple inputs U .
Source: own representation
3.1.1 Joint Level Control
For a complex elastic robot prototype series it is not known in advance which aspects of the
control to be developed will depend on which sensor inputs. So a typically used distributed
control system (DCS) with a position or torque control on a per joint or actuator basis would
not allow the individual controllers to account for the dynamic interactions between multiple
links. Therefore, it is advantageous to allow for real multi-variable control by implementing
a centralized control system where the raw data from all low-level sensors can be used to
generate joint level control outputs for all actuators, without depending on a cascade of un-
derlying controllers. By realizing the control system in software in a central computing unit
it is flexible in terms of the controller structure and allows implementing multi-variable con-
trol of all combinations of sensor input and control output. To allow such a flexible control
system to be prepared for the inclusion of additional sensors and keep the controller work-
ing in real-time, a high bandwidth and low latency bus system connecting the components
is required.
3.1.2 Gait Level Control
Besides the actuator-level control system, also the gait-level control needs to be able to
accommodate different control concepts. Control on the gait-level can be achieved using
model based approaches to control properties like the leg stiffness, leg angle and thrust gen-
erated by the leg. The use of a potentially processing power intensive model requires the
control system to have enough processing power to evaluate this model in time for each con-
trol cycle. Alternatively to model based approaches an implementation of a central pattern
generator, a parametrized trajectory generator or a state machine can be used for trajectory
generation. While a state machine based approach has to work online using real-time sensor
input, some model based approaches can also be used to generate control outputs offline for
feed-forward control. To allow the evaluation of these different concepts a modular control
system is needed, where they can be easily exchanged and combined.
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3.2 Requirements on the Electronic System
On a prototype platform of a highly elastic musculoskeletal robot a multitude of sensor data
are necessary to control the leg joints and the overall posture, but also to collect data for
later analysis. The electronic system consists of the components involved in acquiring and
transmitting sensor data, calculating the control outputs and moving the actuators based
on them. On the lowest level of this system are the sensors measuring values like positions,
forces, torque, accelerations and rotations. For a true multi-variable control all these sensor
data need to be transmitted to a central processing unit, which runs the control algorithms
on them. This processing unit outputs commands for the actuators to perform which then
need to be transmitted back to the individual actuators. Control of the actuators should occur
with as little delay as possible and at a high rate, so the central processing unit needs to be
able to work with low latency under hard real-time constraints. For control approaches based
on complex (e.g. multibody system dynamics) models this means being able to do extensive
calculations in a short time to hold the high control rate. In case the central processing unit is
not directly connected to all sensors and actuators, a low latency, high bandwidth bus system
needs to be used to communicate with all of them in real-time. In the early development
stages the central processing unit can be external to the robot for ease of development, but
has to fit on-board the robot for it to work in untethered operation at later stages.
3.2.1 Sensor Data
Depending on the various objectives involved in the use of the robot (control, motion opti-
mization, data analysis, comparison to human data) different types of sensor or derived data
are needed. The required types of sensor and derived data for different purposes can be seen
in Table 3.1. More details about the generation and use of each data type are given in the
following list.
On a conventional rigid joint actuation with one actuator per joint usually only a single
rotational position encoder is needed per joint as the actuator output position equals the
joint position (see Figure 3.2(b)). For tendon driven series elastic actuation of a joint the
motor and joint angles have to be measured separately as they are only elastically coupled
as shown in Figure 3.2(a). Further measurements of the force acting on the joint side of the
elastic element are needed to determine each actuators influence on the joint.
Motor angle The motor angle can be measured using a rotary position encoder at
the motor axis before the gear and can be used for position control of
the motor. As the rotary encoder of the motor is turned more than a
whole rotation, it has to be calibrated with respect to the joint angle
after each power cycle of the system. The effort needed for this can
be reduced using data from the gearhead angle sensor and the joint
angle sensor.
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position sensor
force sensor
spring
motor
gear
rope
link
spindel
joint
(a) Exemplary design of a musculoskeletal joint
with flexor, extensor and biarticular series elas-
tic actuators and their sensors.
position sensor
motor / gear / joint
link
(b) Stiff actuator for one joint with one rotational po-
sition encoder.
Figure 3.2: Exemplary musculoskeletal setup of tendon driven series elastic joint actuation in comparison
with conventional rigid joint actuation. In (a) a full musculoskeletal joint setup is shown with
extensor, flexor and biarticular actuator, each with two position encoders, a spring and a force
sensor. For rigid robots usually one motor per joint acting as extensor and flexor with a single
rotary position encoder is sufficient as shown in (b).
Source: own representation
Motor speed The motor speed can be derived from the measured motor angles. For
low speeds the quality of the derivation depends on high resolution
and low noise of the position encoder. For high speeds the encoder
frequency is more important.
Motor torque The motor torque can be measured using torque sensors at each mo-
tor or it can be derived by measuring the motor current and applying
a forward model of the motor.
Gearhead angle The gearhead angle can be measured using a rotary position encoder
at the motor axis after the gear. It can be used for calibration of the
motor position after a power cycle of the system. With a tendon
driven series elastic actuation based on winding a rope onto a spin-
dle, it is possible for the gearhead to rotate more than a whole rota-
tion. Therefore, the gearhead angle sensor also needs to be calibrated
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Motor
control
Joint
control
Posture
control
Human data
comparison
Data
analysis
Motor angle x x x x
Motor speed x x x x
Motor torque x x x x
Gearhead angle x x x x
Joint angle x x x x
Joint speed x x x x
Joint torque x x x x
Spring force x x
CoM acceleration x x x
CoM rotation x x x
CoM position x x x
Foot position x x x
GRFs x x x
Table 3.1: Sensor data and derived data required for different control and analysis concepts. (CoM: center
of mass, GRFs: ground reaction forces)
with respect to the corresponding joint angle with the help of the joint
angle sensor.
Joint angle The joint angle can be measured using rotary position encoders in
each joint. These values can be directly used for joint position control.
Sensor resolution, frequency and noise are important factors for the
quality of the resulting control.
Joint speed The joint speed can be derived from the measured joint angles. For
accurate calculation a high resolution, high frequency and low noise
encoder should be used.
Joint torque To allow controlling the overall leg like a spring with variable stiffness
it is important to be able to control individual joints based on their
torque. The joint torque can be measured either using torque sensors
in each joint or it can be calculated from all forces acting on the joint.
Spring force The spring forces are an important information when calculating the
joint torques based on all acting forces. The force itself can be mea-
sured either directly using force sensors at each spring or possibly be
derived from the known spring constant and the measured deviation
between the joint side and the actuator side position encoders.
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CoM acceleration The center of mass (CoM) acceleration can be measured using an ac-
celerometer attached close to the robot CoM, usually located inside
the trunk.
CoM rotation The CoM rotation can be measured using a gyroscope attached and
is a vital information in any balance control approach. Also, to de-
termine the leg angle during flight phases it is important to know the
CoM rotation as a base for forward kinematic calculations.
CoM position The CoM position can be derived from the accelerometer and gyro-
scope data. Due to the noise and drift of the sensors a filter has to be
used and usually supported by a second data source. Here a sensor
fusion with the kinematic data during the ground contact phase are
possible.
Foot position The foot position can be described relative to the trunk or to the
ground. When foot placement is to be used for balance control the
foot position relative to the trunk is required. This can be derived from
the joint angles using forward kinematics and the trunk position and
orientation as base. For landing preparation, obstacle avoidance and
locomotion on slopes the position relative to the ground is required.
3.3 Requirements for Monitoring, Configuration and Analysis
The internal sensor data of the robot are not only used for the control of the robot but also
for monitoring of the robot during operation as well as for later offline analysis. For the live
monitoring of data to be useful during the operation of the robot, soft real-time constraints
have to be fulfilled to display the data synchronously with the robot motion. The data for
the offline analysis are only recorded during robot operation and have therefore no real-time
requirements. But it is important for these data to be recorded with timestamps to allow for
synchronization of multiple sensor data sources during analysis, e.g. external force plate or
video camera [81].
During the development of control concepts for dynamic motions of a musculoskeletal
bipedal robot a large amount of sensor data needs to be monitored to allow for analysis and
debugging of the robot’s motion. It is of high importance to be able to capture as much in-
ternal data of the robot as possible for later analysis to improve control concepts and pa-
rameters. While the control process for the robot has to be able to run on-board the robot
for autonomous operation, the monitoring of the data can take place on an external system
with capabilities for data visualization. As a musculoskeletal robot with its antagonistic and
biarticular structures consists of more actuators than a conventional robot with a motor per
joint structure, more sensors are necessary to monitor all actuators. But not only the active
actuators and joints need to be monitored, also passive structures that influence the robot
motions like elastic elements are important. Although it is also possible to generate this data
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using a simulation model of the robot, this is not equally valuable. Since there is always a
difference between the robot and its model, the data generated directly on the hardware are
the most valuable as they are the only exact data.
Besides the monitoring and analysis it is very important for the robot operator to configure
the parameters of the controller and calibrate the sensors to facilitate repeatability of experi-
ments. This needs an interface with display and input capabilities for the operator to interact
with, which can be run on an external system.
3.4 Requirements on the Software Architecture
A software architecture used for control, configuration and monitoring of a series of proto-
type robots needs to be able to accommodate all the aforementioned requirements on con-
trol, the electronic system and the monitoring, configuration and analysis. Thus, the control
algorithms need to be able to run under hard-real time constraints while having low latency
high bandwidth access to all sensor data. The monitoring interface, while also needing ac-
cess to all sensor data, only needs to run under soft real-time constraints, possibly on an
external system. It also has to be possible to change the parameters of the controller dur-
ing runtime through an external configuration interface during the development to quickly
adapt the generated motions and calibrate the sensors. Analysis of the recorded data takes
place off-line and can therefore be performed separately from the control and monitoring.
Based on these requirements the software architecture for the overall system should allow
the separation of the software into multiple components, running in different processes pos-
sibly on different systems. The main components of the system are the control component,
the monitoring and configuration interface and the data analysis tool.
The control component is tasked with converting the sensor data into physical units and
filtering them. Further, it generates derived data and combines data from multiple sensors
through sensor fusion. Based on the current system state calculated from this data and possi-
bly model data it calculates a desired state for the robot and generated the necessary control
outputs for the actuators.
The monitoring and configuration interface is the main point of interaction with the con-
trol software for the robot operator. Thus, it should provide a convenient human computer
interface with graphical visualization capabilities for the data monitoring and text based in-
put capabilities for the parameter configuration.
For the offline analysis of the recorded data also graphical visualization capabilities are
required. But besides the simple visualization of sensor data values, a programmatic analysis
and processing of combined data from multiple sensors or a whole series of experiments
should be possible. This also raises the requirements for the visualization of the combined
data with higher complexity (e.g. higher dimensionality).
The communication between the control component and the monitoring and configura-
tion processes should be possible over network between multiple systems to allow the sepa-
ration of the on-board control system from the off-board monitoring and configuration sys-
tem.
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All components in this software architecture need to be easily extensible for use with new
control concepts or additional sensor data in new prototype generations.
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4 Software and Hardware Design Considerations and Developments
This chapter focuses on the design considerations and the development of the software and
hardware of the musculoskeletal robot prototype series BioBiped. The main contributions
of this thesis are the new control architecture design to allow full multi-variable control de-
scribed in Section 4.4 and the mechanical advancement of the robot generations detailed in
Section 4.6. Further, a graphical user interface framework was developed as part of this thesis
which is now available as open source and is widely used in robotics research as described in
Section 4.5.2. All experiments made in the following chapters use the software and control
system developed in this thesis, which is described in more detail in the following sections.
4.1 BioBiped Robot Series
The BioBiped robot series consists of musculoskeletal bipedal robots (shown in Figure 4.1)
developed with the goal to perform more human-like locomotion than has been achieved
with conventional rigid robots so far. Furthermore, it aims to provide a testbed for experi-
mental evaluation of hypothesis from biomechanics and give insights into the roles of dif-
ferent structures for various leg functionalities required in locomotion. Designed for that
purpose it offers the flexibility to change various mechanical configurations like spring stiff-
nesses, attachment points and the addition or removal of certain structures to compare dif-
ferent hardware setups. Also, it features a vast range of on-board sensors to not only allow
for real-time control, but also provide additional data for monitoring and offline analysis as
required by Chapter 3.
4.2 Design Concepts
With the focus on human-like locomotion the leg and actuator structures for the BioBiped
robots were derived from biomechanical understanding of functional human leg structures.
As the three-segmented leg is potentially subject to overextension in its joints, the segment
lengths were chosen with a human-like ratio, which helps to avoid this problem according to
[73].
To be able to achieve human-like motion performance in running gaits using a robot with
comparable power to weight ratio, an elastic actuation system with the potential to store and
release energy in its elastic components is necessary. Commonly available technologies for
elastic actuation are pneumatic actuators as well as series elastic actuators. While pneumatic
actuators are inherently elastic and offer high forces already at slow speeds, they are also
non-linear and have a hysteresis, which makes them difficult to control. On the other hand
combining an electric motor with a gear and a spring to form a series elastic actuator (SEA,
Figure 4.2(a)) allows the use of well-known control concepts for conventional servo motors.
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(a) JenaWalker II
Source: [75]
(b) BioBiped1
Source: own photo
(c) BioBiped2
Source: own photo
(d) BioBiped3
Source: own photo
Figure 4.1: Different generations of the musculoskeletal BioBiped robot series and its predecessor Je-
naWalker II.
With the spring in between gear head and the joint, the motor is decoupled from the joint,
passively protecting the gears from impacts and allowing the spring to store and release en-
ergy independently. In comparison to conventional rigidly actuated joints, the series elastic
actuator needs more complex control concepts to achieve similar precision. To be able to
reduce the active control effort needed, a musculoskeletal configuration is used which can
offer additional benefits through multi-joint coupling. Here multiple joints are coupled us-
ing biarticular structures (Figure 4.2(b)) with the potential to passively handle some control
tasks on the mechanical level, like power distribution or synchronization between joints. But
to benefit from this potential the hardware has to be carefully designed and configured as the
multi-joint couplings can also lead to undesired effects making the control of the system even
more difficult, e.g. over-determination in the kinematics. So an efficient way to configure the
hardware components in combination with the motion control system has to be found as de-
scribed in Chapter 7. Only then can the biarticular structures be used to facilitate the control
of the robot by passively coordinating multiple elastic joints in the desired manner.
In the development of the robot mechanics and its control a multibody system dynam-
ics simulation can help to evaluate and compare different mechanical setups and control
strategies efficiently before their implementation on the actual hardware. But since the me-
chanics of the designed musculoskeletal robot with the artificial muscle-tendon structures
and multi-joint couplings are highly complex, modeling its dynamic behavior is only pos-
sible to a certain degree. There are still non-negligible differences between the simulation
model and the robot as can for example be seen in Figure 7.3 and is further discussed in Sec-
tion 7.1. Therefore, experiments on the hardware are of high importance for the optimization
of the robot’s design and its mechanical and control parameter setup as detailed in Chapter 7.
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(a) Series elastic actuator as extensor for a joint.
Spring
(b) Passive elastic biarticular structure.
Figure 4.2: Examples of elastic structures used in musculoskeletal robots.
Source: own representation
4.3 Mechanical Design
The robot design is based on three-segmented leg kinematics similar to human legs and fea-
tures a combination of mono- and biarticular passive and active structures. Based on insights
from the JenaWalker II (see Figure 4.1(a)) a combination of active mono-articular agonists
with passive antagonists and passive biarticular structures was chosen for the first prototype.
All structures are either passive elastic or active series elastic making the system underactu-
ated, but not completely passive. With this consistent use of elasticity the gears and joints are
protected from impacts and the legs are able to store and release energy between rebounds
(see 6.1.1). The active extensors are responsible for the power input to the system (see 6.1.2),
while the biarticular structures distribute and synchronize the power between the joints (see
7.2). Implementing these mechanical controllers aims to reduce the complexity of the control
software needed. Nevertheless, numerous sensors have been mounted to be able to gather
information about the systems motions not only for control, but also for analysis.
Three generations of robots (see Figure 4.1) have been designed and built in the BioBiped
series based on the results from experimental analysis of their predecessors. The leg links
are implemented as bone-like structures with actuators and passive structures attached on
the outside, whereas the torso consists of an outer frame with the functional structures on
the inside, which allows it to be guided on the outside by an external constraining mecha-
nism. All generations feature the previously described series elastic actuation using electric
motors, linear springs and ropes as elastic tendon systems as well as passive elastic biartic-
ular structures. They all have a hip height of 0.7 m in straight standing configuration, but
differently sized torsos, all without arms and heads. An overview of the physical dimensions
of the robots can be found in Table 4.1 with more details about the changes between the
generations in the following section.
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BioBiped1 BioBiped2 BioBiped3
CoM Height [m] 0.57 0.59 0.71
Hip height [m] 0.7 0.7 0.7
Mass [kg] 9.2 11.5 15.9
Degrees of freedom 9 6 6
Number of actuators 9 6 12
Number of sensors 24 27 43
Table 4.1: Overview of physical properties of the three BioBiped robot generations. For details and rea-
soning behind the changes see Section 4.6.
4.4 Electronic Control Architecture
4.4.1 New Approach for the BioBiped Series
To fulfill the requirements for supporting highly diverse control concepts including a full
multi-variable and model based control described in Chapter 3 for the BioBiped robots, an
electronic control system is implemented that allows for central real-time control and mon-
itoring of the robot prototypes with numerous additional sensors for analysis of the robot’s
motions. The system consists of a central control system with enough processing power to
allow the implementation of model based real-time control connected via a bus system to
multiple MCUs interfacing with the motors and sensors as shown in Figure 4.3(a). While
the MCUs are needed for their physical interfaces to the sensors and motors, in this sys-
tem they only act as relays for reading sensor data and setting motor voltages provided by
the central control system in real-time as depicted in Figure 4.3(b). In contrast to the com-
monly used cascade control design described in Section 2.4, no control task is executed on
the MCUs, leaving all power over the control to the central control system. This allows im-
plementing numerous control concepts in software on the central control system, including
full multi-variable and model based control. Through the modular design of the MCUs that
started with the seconds BioBiped generation, extending the control system with new ac-
tuators and sensors is possible without losing the ability to apply centralized multi-variable
control concepts. To the author’s best knowledge no other musculoskeletal bipedal robot is
using a control system with complete low-level real-time access to all sensors and motors
from a central control system, while still allowing for the implementation of highly complex
control concepts through high processing power and the extension of the electronics with
additional modules.
As central control system either an embedded computer mounted on the robot can be used
to allow autonomous operation or an external computer providing even more processing
power can be utilized while tethered during development. To be able to access and control
all low-level sensor and motor data as required for full multi-variable control in real-time a
high bandwidth, low latency bus system is used to connect the central control system and
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Figure 4.3: Control system bus and data flow diagrams. Note that contrary to conventional implemen-
tations and despite the distributed design of the electronics in (a), the control itself is not
distributed, but handled at full control rate by the central controller based on the low-level data
from all sensors as shown in (b). The micro controller units (MCUs) act only as data relays
between the sensors and motor amplifiers (AMPs) and the controller to allow the implementa-
tion of true multi-variable and models based control approaches. (IMU: inertial measurement
unit, GRFs: ground reaction forces)
Source: own representation
the micro controller units. The EtherCAT bus system used here is based on the 100BASE-TX
Fast Ethernet standard and allows for an effective use of more than 90% of the full-duplex
100 Mb/s bandwidth [10]. Together with a cycle frequency of up to 30 kHz this performs far
better than other possible choices like e.g. the widely used CAN bus. Furthermore, to con-
nect to this bus system only a standardized Ethernet port is needed, offering a wide range of
choices for the control computer.
4.4.2 Sensors
Based on the requirements for the sensor data specified in Section 3.2.1 and the results from
various experiments described in Section 4.6 the sensors for the BioBiped robots were chosen
for the different generations.
Rotary Position Encoders
To sense the joint and gearhead output angles, rotary position encoders are needed. In or-
der to reduce the effort necessary for the calibration process of the robot after a power cycle,
absolute position encoders are chosen over incremental ones. To prevent degradation of the
sensor through wear, contactless sensors are preferred over mechanical encoders. Among the
optical, magnetic and capacitive absolute encoders the choices are manifold. Guided by reso-
lution, physical size and available electronic interfaces magnetic absolute encoders based on
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the Hall Effect were chosen. Over the three generations of BioBiped robots the resolution of
the used sensors was improved from 0.35deg to 0.09deg to allow for better derivation of angu-
lar velocities. Further, the sensor interface was changed from analog measurement to digital
readouts through the Serial Peripheral Interface (SPI) bus to avoid sensor noise induced in
the wiring between sensor and MCU.
Motor Position Encoders
For the control of the motor positions an integrated incremental rotary encoder on the back-
side of the motors is used. The communication with the MCU is handled digitally using a
Transistor–transistor logic (TTL) interface.
Inertial Measurement Unit
To sense the inertial motion of the robot’s trunk including acceleration and rotation an in-
ertial measurement unit (IMU) is mounted on the trunk as close to the center of gravity as
possible. A IMU including three axis acceleration and three axis rotation measurement is
used to allow for full tracking of the trunk’s posture for balance and posture control. The IMU
module chosen combines these into a single casing and interfaces with the MCU digitally
over the SPI bus which prevents noise induced on the wiring.
Ground Contact Forces
To detect ground contact and also measure the forces acting between the feet and the ground
force sensing is implemented in the feet of the BioBiped robots. In the first two generations
a custom design based on slightly bending steel plates and Hall Effect sensors measuring
this deflection are used. Due to mechanical problems described in Section 4.6 and a difficult
calibration process they were exchanged for dedicated six-axis force torque sensor.
Spring Forces
Direct measurement of the forces acting at the springs of the series elastic actuators was im-
plemented starting with the BioBiped2 robot. The tensile force sensors can be mounted di-
rectly in the rope connecting the spring and the joint. Due to the size constraints this involves
the data is read out as a differential analog signal with the conversion to digital data on the
MCU.
4.4.3 Actuators
The series elastic actuators (SEAs) used in the BioBiped robot series are a combination of
electric motor, gear, spindle, rope and spring as can be seen in Figure 4.2(a). Dimensioning
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of motor and gear are based on simulation studies performed in [62]. Through exchange-
able spindles with different diameters and changeable lever arm lengths on the joint side
the effective gear ratio can still be adjusted on the robots. Further, the springs are also in-
terchangeable and are subject to the optimization process of the hardware setup detailed in
Section 7.3.
4.5 Software Components
To fulfill the requirements set in Section 3.4 and also support an efficient development cycle
the software used to control, monitor and analyze the robot’s motions is split into compo-
nents. These components can run on a single computer system for ease of development, but
can also be distributed over multiple computers connected via a TCP/IP network. This allows
the robot to be controlled via an on-board computer which is monitored and configured via
network by the operator, making untethered robot operation possible. The software com-
ponents developed in this work combine various existing software technologies with newly
implemented solutions to fulfill the requirements described in Chapter 3.
4.5.1 Used Existing Technologies
Communication between the software components of the control and monitoring system is
handled through the Robot Operating System (ROS) middleware [58, 65]. This allows for the
modularization of the system into multiple nodes, which can be run on a single or on multiple
systems connected via network. This fulfills the requirements from Section 3.4 to adapt the
system depending on the current use case e.g. ease of development, more processing power
during experiments or untethered operation of the robot. The ROS middleware was chosen
over competing solutions like the Orocos toolchain for its large user base which provides a
better chance of long-term support.
The controller component is written in C++ [27, 78, 85] using Orocos Real-Time Toolkit
(Orocos RTT, [49]) for its abstraction of the actual real-time implementation used in the ker-
nel such as RTAI [67], Xenomai [86] or preempt-RT [36]. This allows fulfilling the requirements
from Section 3.1 in terms of real-time control and allows the choice of real-time implementa-
tion to be changed later on, should problems with one implementation occur. In this case the
use of a preempt-RT Kernel [36] on an Ubuntu Linux system allows the controller to run in
real-time mode in user space, without any need for application code in kernel space, making
the system more reliable during development.
The controller component communicates with the robot control system electronics via the
EtherCAT bus with the help of the IgH EtherCAT Master [25] for Linux running its network
driver module in kernel space, while offering the transfered data to the control software via
a user space API. The IgH EtherCAT Master offers generic network kernel drivers to allow
operation on all Linux supported Ethernet interfaces as well as specific kernel drivers for in-
dividual EtherCAT chips for better latency performance.
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For user interaction and data monitoring as specified in Section 3.3 a graphical user in-
terface (GUI) is implemented in Python [56, 82] using platform independent graphical com-
ponents from the Qt toolkit [57] via PyQt [55]. Using a scripting language like Python here
allows for rapid application development [79] including fast adaptation to requirements of
the new robot prototype generations thought fast testing cycles, while its reduced runtime
performance is still good enough for user interfaces. Python is also the second officially sup-
ported programming language for the ROS middleware, making it the ideal candidate for this
purpose.
To visualize data during offline analysis as required in Section 3.3 a software is imple-
mented based on the Python matplotlib library [24, 42], which allows for flexible batch pro-
cessing of many data sets and produces high quality graphs for publications.
4.5.2 Own Software Developments Released as Open Source
At the beginning of this work the ROS ecosystem did not include a consolidated and inte-
grated GUI framework for configuring, controlling and monitoring robots, but only a collec-
tion of various graphical tools for specific tasks. As the author had experienced the benefits
of integrated GUIs before in other projects [51, 81], a new integrated GUI framework for ROS
was developed during this thesis to provide the features needed in this project. This work
was the starting point for the rqt project [80] which is published as open source and now is
the standard GUI in the ROS ecosystem [40] used and extended by many robot developers
worldwide [2, 6, 9, 31, 66]. It offers the basis for customizable GUIs by allowing to combine
widgets from various plugins into a main window offering management of different window
layouts for different tasks. The plugins can be implemented using either Python to allow for
rapid development or C++ for better runtime efficiency depending on the requirements for
each plugin. Through the use of the Qt graphical toolkit is it possible to run plugins of both
variants simultaneously in one integrated GUI window.
4.5.3 Hardware Abstraction Layer
As described in Chapter 3 the requirements in this project for the abstraction of the robot
hardware are quite different from most other robotic projects, as it is defined in the project
goals, that the robot prototype generations will differ significantly from each other. Not only
will the types of sensors and actuators change, as it is common between robot generations,
but also the number of actuators, sensors and degrees of freedom will increase as the robots
are planned to perform more complex motions. To accommodate these requirements with-
out having to rewrite the control software for each generation a hardware abstraction layer is
very important. Furthermore, it enables the use of the same control software also to control
the multibody system dynamics simulation model [59, 61] implemented in MATLAB [41] us-
ing Simulink [77], allowing for an easy transfer of simulation results to the robots. To allow
the use of the controller component with different generations of the robot prototype this ab-
straction layer performs the conversion between sensor and motor data and physical units. It
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also maps joint and sensor names to devices addresses on the EtherCAT bus (or MATLAB API)
and memory addresses in the control packets. This makes the controller component agnos-
tic to a high degree about the system specifics of the robot prototype it is controlling. While
it still needs to know about the existence of motors and sensors to use them, their actual type
can be changed transparently.
4.5.4 Control Component
This is the central component for the control of the robot, which needs to be running under
real-time constraints to allow for uninterrupted control output generation. Further it needs
to offer an interface to the GUI component to allow the operator monitoring and control-
ling the robot using the GUI. Therefore, it has been implemented as an Orocos RTT com-
ponent with a ROS node as the interface towards the GUI, allowing communication over a
network. The control rate this component is run at can be manually configured depending
on the requirements of the control approach used. Limiting factors to the control rate are
either the EtherCAT bus bandwidth at approximately 30 kHz or the processing power of the
control computer depending on the computational complexity of the control algorithm.
To be able to evaluate different control concepts, the control component offers a program-
ming interface to allow for different controller implementations to be used as control mod-
ules. During robot operation the operator has the possibility to change the currently running
control module, as well as its parameters, allowing for efficient test cycles.
4.5.5 Monitoring and Configuration Interface
The main interface for the robot operator to interact with the robot’s control parameters is a
graphical user interface (GUI) newly developed in this work and released as open source. As
described earlier in this section it is based on Python and Qt for rapid development and inte-
grated into the ROS middleware for data exchange over a network. Its development also lead
to the rqt project described above which offers an integrated GUI allowing combining mul-
tiple widgets with different functionalities into a common interface. The widgets developed
for the operator to configure and monitor all parameters of the control component of the Bio-
Biped robots can be seen in Figure 4.4. Each parameter can be monitored graphically using
the plot widget during robot operation to allow for a fast identification of problems and easy
tuning of parameters. Also, the parameters of the state machine described in Section 5.1.2 as
well as the conditions for the transitions can be configured.
4.5.6 Data Analysis
A second graphical tool has been developed to help with the offline analysis of the data
recorded during experiments. Its focus is the graphical visualization of sensor and derived
data in two dimensional plots, but it also offers additional visualization like a forward kine-
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Figure 4.4: Some widgets of the graphical user interface used to monitor and (re-)configure the robot
during operation.
Source: own representation
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matic view as can be seen in Figure 4.5. Further, different view arrangement can be saved as
presets to batch process multiple data files into a number of plots suitable for publication.
Also, it functions as testbed for data filtering and derivation algorithms that are to be im-
plemented directly into the controller later on like a Kalman filter for pose estimation of the
trunk based on the IMU data. Quick development in Python with the help of the NumPy
mathematical library allows for prototyping of the algorithms and visualizing their output
based on recorded data before implementing them in C++ for use in the real-time controller.
Figure 4.5: Graphical user interface used for the offline analysis of sensor and derived data.
Source: own representation
4.6 Functional Evolution of the BioBiped Generations
The first robot design in this series called BioBiped1 (see Figure 4.1(b), [60]) was developed
based on the highly underactuated JenaWalker II (see Figure 4.1(a), [75]), which performed
walking and jogging motions on a treadmill while being constrained and supported exter-
nally. The JenaWalker II has only one actuator per leg which is coupled with the hip, knee
and ankle pitch joints through ropes and springs. Careful tuning of these rope lengths and
spring stiffnesses was needed for it to successfully perform different gaits [75].
To gain more control over the movements of the individual joints, BioBiped1 has one actu-
ator for each joint. It has rotational joints in the ankle, knee, hip and trunk all rotating about
the pitch axis and in the hip additionally around the roll axis. In case of the hip joints the
motor is coupled with the joint in both directions with elastic elements between motor and
joint forming a bidirectional SEA. At the knee and ankle joints on the other hand the motor is
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connected with the joint only in one direction allowing it to extend the joint, while flexing it
is achieved by a passive spring.
The changes made to the different generations based on the results of experiments made
with their predecessors are described in the following sections.
4.6.1 Mass and Inertia Distribution
BioBiped1 and 2 have rather small and lightweight torsos compared to their total height and
mass, making their legs relatively heavy and giving them a low center of mass (CoM).
Problem in BioBiped2
This poses problems when trying to implement foot placement in the flight phase due to
inconvenient inertia ratios between leg and torso. Further, having the CoM below the hip
joint is not human-like and disallows the use human-like stability concepts like the virtual
pivot point (VPP, [43]).
Solution in BioBiped3
By increasing the dimensions and mass of the torso in BioBiped3 (see Figure 4.1) a larger in-
ertia is created to allow for more stability in the torso during leg placement in the flight phase.
Further this moves the center of mass of the robot above the hip axis, which is a prerequisite
for some stability concepts like the VPP. The mass is not increased through dead weight, but
rather by adding motors to the torso which are needed for more leg position control during
flight phase described in the next section. To keep the overall weight low despite doubling
the number of actuators, all motors were changed to brushless motors, which weight only
168 g (compared to 260 g) while offering more power output.
4.6.2 Foot Design
Problem in BioBiped2
Vertical ground reaction forces measured for BioBiped2 hopping on a force plate showed
a peak impact force just before the loading of the leg (Section 6.2). This impact force is in
relation to body mass much higher than for humans performing similar motions and was
attributed to the relative mass and stiffness of the BioBiped2’s feet when compared to human
feet. A foot of BioBiped2 accounts for 15.2 % of one leg’s mass (3037 g), while according to
[8] in humans the foot provides only 6.3 % of the leg mass. Further, the BioBiped2 foot is
stiff, making the extensor spring of the ankle joint the first structure in the kinematic chain to
damp the impact. In contrast, the human foot itself has internal damping properties already
below the ankle joint.
Solution in BioBiped3
For BioBiped3 the foot design has been completely revised to now consists of a standard
prosthetic foot attached to a force-torque sensor just below the ankle joint. The prosthetic
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foot is made of two Carbone fiber leaf springs (one for the forefoot and one for the heel)
which allow damping of the impact already in the foot. Also, the mass below the ankle of now
is only 11.3 % of the total leg mass bringing it closer to a human mass ratio compared to the
previously used aluminum design. The ability, to additionally put a damping training shoe
around the prosthesis, should help to reduce the peak impact forces on touch down even
further.
4.6.3 Actuated Structures
The design of the BioBiped robots started out from its highly underactuated predecessor Je-
naWalker II and added only active structures to the knee and ankle extensors for power gen-
eration. With the advancement from hopping to jogging motions shortcomings of this still
underactuated design were found. Furthermore, the interest in evaluating biomechanical
hypotheses about the active functions of biarticular muscles was limited by the low available
number of actuators. Therefore, additional actuators were added as detailed in the following
problem and solution descriptions.
Knee Flexor
Problem in BioBiped2
In dynamic hopping motions with single support phases performed with BioBiped2 (see
6.2) the swing leg has to be held in a retracted position to not touch the ground. But during the
impact of the stance leg the combined forces of gravity and the impact dynamics are pulling
against the passive knee and ankle flexors thereby extending the leg. Using only passive flexor
structures to hold against these forces showed to be difficult, especially in the knee with the
higher mass of shank and foot to hold up. This resulted in unwanted ground contact during
alternate hopping and more importantly jogging motions, where it can lead to stumbling of
the robot.
Solution in BioBiped3
Implementing a stiffer spring as flexor could reduce this problem, but would also increase
the force needed by the extensor pulling against it. To allow for better holding of the leg
posture without increasing the flexor’s stiffness to unfeasible values, further actuators were
added in BioBiped3. In total six actuators were added (four of them in the torso) to allow
for more configuration possibilities of which structures to actively actuate for different mo-
tions. Further, the additional motors in the trunk increase the CoM height and the inertia of
the torso which, as described already, is required for postural stability control and foot place-
ment. The new actuators can be used to actively actuate the previously passive knee flexor to
prevent unwanted ground contact of the swing leg foot.
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Biarticular Structures
Problem in BioBiped2
The biarticular structures in BioBiped2 are only implemented as passive elastic elements
spanning two joints, which allows tuning them to a specific length and stiffness to support
power distribution between joints. But according to biomechanical hypotheses ([45]) hu-
mans also use their biarticular muscles to actively adjust leg posture during standing still for
postural stability, which cannot be achieved with passive structures.
Solution in BioBiped3
To allow testing this biomechanical hypothesis on a mechanical system, the new actuators
in BioBiped3 can be connected to the biarticular structures in thigh and shank to change
their length dynamically.
Hip Actuation
Problem in BioBiped2
The actuation of the hip joint in BioBiped2 is implemented with one motor as a full SEA
which can turn the joint both ways. Hereby the series elasticity is achieved through compres-
sion springs between two discs, one actuated by the motor and the other one connected to
the joint. This closed elastic system offers elasticity while taking up only little space in the
torso, but is mechanically limited to 10 degrees maximal joint deflection. Furthermore, the
springs cannot as easily be exchanged as is possible in the other actuators used in this robot,
since they are completely enclosed in the mechanism and have to be of a specific length and
diameter to fit in.
Solution in BioBiped3
As BioBiped3 has a larger torso, the hip joint actuator was changed to also use a combina-
tion of rope and springs to elastically actuate the hip joint in both directions. The design is
similar to the one used in the other joints and the springs can be more easily exchanged with
a wide variety of extension spring of different stiffnesses and dimension. Here the maximal
joint deviation is only limited by the spring properties and can be up to 90 degrees, depending
on the spring and lever arm length.
4.6.4 Transmission Ratios
In the actuation design used for knee and ankle joint (see Figure 4.2(a)) the overall transmis-
sion ratio between motor and joint depends on the motor gear ratio, the spindle diameter,
the lever arm length at the joint and the current joint position.
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Problem in BioBiped1
In the alternate hopping experiment performed with BioBiped1 (see Section 6.1.4) it was
found that the retraction speed of the swing leg was limited by the rope speed.
Solution in BioBiped2
To increase the rope speed in BioBiped2 the motor gear ratio was reduced from 66:1 to 51:1
and the diameter of the spindle was made configurable between 24 mm and 36 mm. While
this increases the maximum rope speed by up to factor 1.94, it also reduces the maximal force
which the motor can apply to the rope. As some motions might need a higher torque rather
than higher speed, this ratio was made even more easily adjustable by increasing the range
of the usable lever arm length. This allows adjusting the overall transmission ratio within
a wider range than before allowing for high torque or high speed setups, depending on the
desired motion.
4.7 Evolution of the Robustness and Maturity of the BioBiped Generations
The mechanical robustness of the robots was evaluated using different experiments detailed
in Chapter 6. Based on the results from the these experiments the following list of issues and
solutions was used to improve the mechanical robustness and maturity of the system over
multiple robot generations.
4.7.1 Rope Guiding Pulleys
Problem in BioBiped1
Even though BioBiped1 performed well in the first experiments, some mechanical issues
were found over a few months of experiments. These were addressed first by an updated
design for the BioBiped1 knee extensor actuation and later more thoroughly in the BioBiped2
(see Figure 4.1(c)) design. The synthetic ropes leading from the motor spindles to the knee
and ankle joints were guided around two corners by plastic pulleys with a diameter of 4 mm
mounted on plain bearings. Through the high speed of the rope movements and the high
tension of the rope when moving around the corners, the pulleys were not always able to
turn and the rope slipped over the pulleys. This led to heating of both the pulleys and the
rope which caused the synthetic ropes to break and even sometimes the pulleys.
Solution in update to BioBiped1
To avoid the breaking of the plastic pulleys, they were replaced by metal ones. This also
reduced the amount of breaking ropes, but especially at the knee this problem persisted. In
an update to the knee extensor actuation in BioBiped1 the two guiding pulleys were replaced
by a single pulley with a diameter of 12 mm mounted on ball bearings which allows the pulley
to turn with less friction even under high load and therefore avoids slipping of the rope on the
pulley. This change reduced the amount of broken ropes and was consequently also made to
all other joints in the next robot generations.
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Figure 4.6: Control system bus of the three BioBiped generations. See Figure 4.3 for information about
the data flow.
Source: own representation
Problem in BioBiped2
Through the increased load per leg in the alternate hopping and jogging experiments per-
formed on BioBiped2, the bracket holding the rope guiding pulleys for the knee and ankle
extensors started to deform.
Solution in BioBiped3
A redesign of the bracket for BioBiped3 (see Figure 4.1(d)) was done based on analysis of the
internal stress of the bracket under relevant load cases using finite element method (FEM).
4.7.2 Roll Joints
Problem in BioBiped1
The roll joints at the hip of BioBiped1 showed to not be mechanically robust enough
and developed backlash during the hopping experiments causing the feet to unintention-
ally move sideways.
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Solution in BioBiped2
As BioBiped2 is meant to be externally constrained to translation in two dimensions at the
torso, those roll joints are unnecessary for this version. They were removed in BioBiped2 to
gain more mechanical robustness, but with the option to add them in later versions when
needed.
4.7.3 Joint Bearings
Problem in BioBiped1
The plain bearings in the ankle and knee joints of BioBiped1 degraded after a few months
of experiments. Their friction increased over time and also became dependent on the current
joint angle. This made modeling and control of the BioBiped1 robot unnecessarily difficult,
as the parameters changed over time.
Solution in BioBiped2
By replacing the plain bearings with ball bearings in BioBiped2 the friction was reduced
and also made more constant over time. While friction in joints is generally seen as a nega-
tive effect when it comes to energy efficiency, the damping it gives at the joint level can also
help in making the system more stable to control. Therefore, it was discussed if adding inten-
tional damping to BioBiped2 would be necessary, but the experiments made so far without
additional damping have shown the robot to work just as well as BioBiped1 in terms of system
control stability.
4.7.4 External Constraining Mechanism
Problem in BioBiped1
In BioBiped1 the torso was built around a central supporting structure and then cased in a
frame helping to guide the torso’s motion along an external constraining mechanism. Due to
high forces between torso and constraining mechanism especially in failed experiments this
additional frame was deformed and had to be repaired often.
Solution in BioBiped2
The removal of the hip roll joints in BioBiped2 facilitated a design of the torso based on
an external supporting structure which directly worked as a guiding mechanism, making the
connection to the constraining mechanism more robust.
4.7.5 Mechanical Robustness of the Foot
Problem in BioBiped2
The foot used for both BioBiped1 and 2 is made from three main aluminum parts in fore-
foot, mid-foot and heel connected through spring steel plates. This allowed for a simple force
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measurement using a hall-effect sensor to detect the elastic deformation of these spring steel
plates. But with the higher load of single leg support during alternate hopping and jogging
and an increased weight of BioBiped2, the spring steel plates in the fore foot were not strong
enough to withstand deformation over a longer series of single legged hops.
Solution in BioBiped3
So in BioBiped3 the feet were replaced by elastic prosthetic feet designed for children of up
to 45 kg and the force measurement was moved to a force torque sensor located between this
prosthesis and the ankle joint.
4.7.6 Repeatable Calibration
Problem in BioBiped1
The high-resolution motor encoders included in the motors only report the position
changes incrementally. Therefore, a power-cycle of the robot resets the values and the motor
positions have to be re-calibrated in BioBiped1.
Solution in BioBiped2
To avoid this time consuming process in BioBiped2 absolute rotational encoders were
mounted on the motor spindles winding up the rope allowing for repeatable calibration be-
tween power-cycles.
4.7.7 Electronic Control System Design
Problem in BioBiped1
The electronic control system in BioBiped1 consists of two large micro controller units
(MCUs) each with outputs for five actuators and the same number of rotary position en-
coder inputs. Through the physical size of these MCUs the robot was limited to two of them
and therefore limited in terms of the number of actuators and sensors that can be connected.
As described earlier in this section, the number of actuators and sensors was to be increased
for various reasons in the next versions of the robot. Subsequently, the design of electronic
control system had to be changed to accommodate these updates.
Solution in BioBiped2
Starting from BioBiped2 a more modular approach was used with one MCU per actuator
and a few additional ones for extra sensors as shown in Figure 4.6. But the role of the MCUs
still remained that of a simple relay, leaving the central controller in charge of control of all
actuators based on all low-level sensor data as shown in Figure 4.3. With this modular sys-
tem the increase of actuators and sensors in BioBiped3 was possible to allow for the active
actuation of more elastic structures.
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5 Control Concepts for Musculoskeletal Bipedal Robots
The control of a bipedal robot can be divided into a lower level for joint control and a higher
level for gait generation and control, which are described in the next sections. Depending
on the desired control strategies it can be possible to separate these levels of control into a
hierarchy of controllers (e.g. gait generation and joint level control) or it may be necessary to
combine them into a single controller for e.g. model based feed-forward control as described
in Section 5.3.
For the BioBiped robot series the control system is implemented based on the requirements
formulated in Section 3.1. To allow for true multi-variable control the control system in the
BioBiped robot series uses a central processing unit with low-level data access as described
in Chapter 4. This allows performing all levels of control in a single process and therefore
enables the control software to be implemented according to any possible control strategy.
5.1 Gait Level Control
Gait level control is responsible for the generation of motions for the whole robot. Desired
motions can for example be described as center of mass trajectory or ground reaction force
trajectories.
5.1.1 Requirements and Challenges for Gait Level Control of Musculoskeletal Robots
To achieve dynamic motions goals desired in bipedal musculoskeletal robots it is important
to be able to exploit the elastic properties of the legs. In order to do so, the gait level control
has to produce not only desired joint trajectories but additional parameters like desired joint
stiffness and pretension. This has then to be translated by the joint level control into inputs
for the involved actuators, which can be quite complex as described in the Section 5.2. Other-
wise, important properties like the rest length of active elastic structures or their pretension
cannot be exploited to improve the performance of the robot.
The contribution of individual joints to the overall leg motion is not yet clear. It is possible
to use the human joint motions as templates to build upon when generating desired motions.
5.1.2 Approaches for Gait Level Control
Optimal Control
Optimal control is used to generate system inputs that produce a motion of the robot which
perfectly matches the desired trajectory. To achieve this an inverse dynamics model of the
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robot is used to optimize the system inputs. Due to the complexity of musculoskeletal robots
with the interdependencies of multiple joints through biarticular structures, the series elastic
actuators and the interactions with the environment this inverse dynamics model would be
highly complex. An analytically derived forward dynamics model of a simplified version of
the BioBiped2 robot has been created in [12], which is already of high complexity. Creating
an even more complex inverse dynamics model of the full robot is therefore not a feasible
approach.
Parameterized Trajectory
In a parameterized trajectory generation a periodic signal is produced that is used as target
trajectory. Typically, the function used is a sine wave with additional parameters to adjust the
resulting amplitude A, frequency f and phase shift ϕ:
y(t) = Asin(2pi f t+ϕ) (5.1)
This can be used to generate a trajectory for a periodic motions like jogging or hopping. How-
ever, it does not account for changes in the trajectory frequency due to disturbances e.g. in
the ground contact and is therefore not an ideal candidate for application to musculoskeletal
robots.
State Machines
State machines have been used in various areas of robot control, e.g. for trajectory generation
in elastic bipedal robots.
Raibert used a centralized control approach with a single state machine controlling all legs
in various gait patterns for his different legged telescopic hoppers [63]. The states describe
different phases of the gait (flight, landing, compression, thrust, unloading) and contain ac-
tions for the actuators to perform to generate the desired leg motion. Transitions are triggered
by events detected from the sensors of the robots like leg shortening or maximum leg exten-
sion.
On the series elastic planar walking robot Spring Flamingo a state machine is used (see
[54]) to describe the high level phases of a walking gait like double, left and right support.
Here the state machine is not used to directly generate the legs’ trajectories, but rather to
change between different control parameters used in the different phases of the gait. The
transitions are based on the detection of changes in the legs’ ground contacts.
A different use of state machines for elastic bipedal robot MABEL is show in [50]. It switches
between states based on sensor detected events describing unexpected disturbances such as
stepping up, down or tripping. The states here are not directly involved in the trajectory
generation for the walking gait, but rather initiate different controllers used to recover from
the detected disturbance.
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State Machines Developed for BioBiped
On the BioBiped robot series a configurable state machine system is used to generate desired
trajectories with states corresponding to different phases of the current gait and transitions
based on the occurrence of events. But unlike Raibert’s state machines described in 5.1.2 the
states here do not contain actions, but rather a data set with reference values. The state ma-
chine does not know about the semantics of these reference values, as this is handled in the
lower level control system, allowing the same state machine to generate desired trajectories
for all measurable data, ranging from motor or joint positions (which is not equivalent in a
series elastic system) to motor or joint torques. Since direct switching of reference values
can lead to discontinuities in the control signal pgoal, a smoothing function p(τ) was imple-
mented. This function transitions the reference value from the currently measured sensor
pstart value toward its desired value pend over time T with the acceleration limited by alimit:
alimit = 8 ·
pend− pstart
T
(5.2)
p(τ) =

alimit · 2τ
2
3 0≤ τ< 0.25
alimit · (−2τ
2
3 + τ
2− τ4 + 148) 0.25≤ τ< 0.75
alimit · (2τ
2
3 −2τ2+2τ− 1324) 0.75≤ τ< 1
with τ=
t
T
(5.3)
pgoal = pstart+ p(τ) ·T 2 (5.4)
In the state machine the transitions between states are triggered based on the occurrence of
an event or a binary and unary connective of events. Events can be based on time or sensor
input (e.g. ground contact), but also on the current state of another state machine, which
allows synchronizing multiple states machines.
This offers a more decentralized approach to the control of multiple legs, similar to the
neural network control in the Walknet [68] controller, but realized as parallel state machines
and with discrete inhibition signals as state transitions. This is used here to generate inde-
pendent trajectories for the two legs, which are performing similar motions and depending
on the desired gate, e.g. alternate or parallel hopping, are actuated with or without phase
shift respectively.
In contrast to Raibert’s hoppers, which use a completely centralized control with only one
state machine, this decentralized control reduces the necessary number of states. A single
state machine needs to implement one state for each valid combination of the states of the
two parallel machines. For example in [63] it is described that the state machine used for a
two legged alternating motion consisted of ten states, where in this approach two synchro-
nized instances of the same state machine with only three states are sufficient as shown in
the alternate hopping experiments in Section 6.1.4. The advantage of this approach is that
only the gait cycle of one leg and its relation to the other leg have to be described, which leads
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to reduced redundancy in the code, fewer errors in the description and implementation and
easier adaptation of new trajectory parameters to both legs.
5.2 Joint Level Control
5.2.1 Requirements and Challenges for Joint Level Control of Musculoskeletal Robots
Joint level control of a musculoskeletal human-inspired leg is fundamentally different from
that of conventional rigid robotic legs.
First, in conventional robots the rigid coupling of actuator and joint is desired and any
elastic deviation from this is seen as an error. In musculoskeletal robots the elastic property
of the tendon driven series elastic actuators (TD-SEA) is desired, but introduces a deviation
between joint and actuator angles depending on the dynamics of the system and external
forces, like the ground reaction forces.
Second, in conventional rigid robot each joint is directly coupled with exactly one actuator
possibly via a gear allowing joint control directly by actuator control. The actuator to joint
relation in musculoskeletal robots on the other hand is not a one-to-one mapping but rather
a mapping of multiple active and passive actuators to each joint. Additionally, via biarticular
structures a single actuator can have influence on more than one joint, making joint level
control even more complex.
The correlations of actuators and joints in musculoskeletal legs are not yet fully described.
5.2.2 Joint Level Control Approaches
In the BioBiped1 and BioBiped2 robot models used in this work the musculoskeletal actu-
ation design consists only of one active actuator per joint. Ankle and knee joints are each
driven by a TD-SEA, which is responsible for the joint extension, while a spring is used as
passive antagonist for flexion. In the hip the active actuator is connected to drive the joint
in both directions also in a series elastic setup. Through this design the joint control is sim-
plified compared to the aforementioned general requirements for musculoskeletal robots,
as only one motor is directly responsible for each joint. But the additional passive biartic-
ular structures still add multi-joint couplings and therefore need to be set up carefully as
described in Section 7.3.
Feedback Control
A widely used feedback control approach is proportional derivative tracking control. It can
be used to generate control signals based on desired trajectories and the current state of the
system without further knowledge about the system dynamics or a model. This allows for
a simple setup and fast adaptation to hardware changes. But as any feedback control it op-
erates with a small delay due to its control signal being a reaction to a deviation from the
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desired trajectory. So the performance of this type of control is directly dependent on the
frequency and latency of the control system, e.g. sensor rate and bus latency. Therefore,
requirements on the control system with respect to latency are much higher when using a
feedback based control. It also does not take the elastic components of the actuation system
with its dynamic properties into account and can therefore not exploit them to improve the
robot’s performance.
Feed-Forward Control
In a feed-forward control approach the inputs for the actuators are generated using an in-
verse dynamics model of the robot. This model is used e.g. to compute the motor voltage
trajectories needed to track a given desired joint position trajectory. Because this removes
the need for feedback information, the requirements on the latency of the control system
are lower than for feedback based control. While this makes the feed-forward control acting
without any delay, it would need a perfect model to perfectly track a desired trajectory. This
model can either be analytically derived or it can be learned from motion data recorded on
the robot. Both approaches are tedious and error prone and require adaptation of the model
on changes of the robot, even unintentional ones like wear or minimal deformation.
For more details on investigations of tracking performance of a feed-forward control ap-
proach based on a learned model see Section 5.3.
Bio-Inspired Control
A control approach using a combination of feedback and feed-forward control is investigated
in Section 5.3. It is named bio-inspired control as it uses a feedback rate of only 40 Hz with a
25 ms delay which is comparable to the human nervous system. Due to the lower feedback
rate it has reduced requirements on the control system compared to the feedback control.
With the feedback component of this approach small errors in the inverse dynamics model
can be compensated, reducing the effort needed in the generation and adaptation of this
model.
5.3 Model Based Feed-Forward and Bio-Inspired Control
The contents of this section have been previously published in [69].
In conventional robots, elasticity in the actuation is seen as an unwanted property because
it increases the complexity of the robot model and its control system. But for musculoskeletal
robots, like the BioBiped series, the elasticity plays an essential role in achieving its goal of
versatile, energy efficient, dynamic motions. So the problem of modeling and controlling the
robot with this increased complexity has to be solved in order to take advantage of its elastic
properties.
For a model based control approach an inverse dynamics model of the robot is needed.
This model can either be analytically derived or learned based on data generated on the
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robot. An analytic model not only has to be manually setup to fit the robot and its interac-
tion with the environment, it also has to be manually adapted to every change of the system
(even unwanted changes like wear). Further, to be used as a model for control of dynamic
motions the complexity and precision of the model has to be quite high to adequately pre-
dict the robot’s behavior. Using a learned model solves these two points by directly learning
the connection between input and output of the system and relearning the model on sys-
tem changes. Unfortunately, the learned model produces only good results in the learned
parameter regions and cannot easily extrapolate to unknown motions.
The approach shown in this section compares the joint position tracking ability of three
different control approaches shown in Figure 5.2. First a naive PD-controller running at 1 kHz
with manually selected gains is used, which is sufficient for producing hopping motions as
reported in [60]. Based on the data generated with this first approach an inverse dynamics
model is learned and used in the other two approaches, namely a pure feed-forward control
and a bio-inspired combined feedback/feed-forward control. The bio-inspired control uses a
human-like control speed for its feedback component at 40 Hz with 25 ms delay which would
be to slow for the control of this system when used without the feed-forward component.
5.3.1 Learned Inverse Dynamics Model
While there are different methods that can be used to learn an inverse dynamics model [46]
shows that the non-parametric Gaussian process regression (GPR) is a fast and accurate op-
tion for learning complex systems. The model used in the control approaches investigated
here is learned using GPR with a Bayesian kernel approach on a training data set recorded on
the BioBiped1 robot.
For the Bayesian kernel a squared exponential covariance function is used as covariance
matrix
k(x,x′) = σ2f exp
[
−(x− x′)2
2l2
]
+σ2nδ(x,x
′) . (5.5)
with a constant noise reduction factor σ2n. An optimization process is used to maximize the
marginal likelihood over the training dataset to generate the hyperparameters for horizontal
length-scale l and vertical length-scale σ2f .
The training data set is recorded on the BioBiped1 robot using the mentioned feedback
controller to generate motions close to the desired motion for the inverse model. The learned
model is based on the recorded motor voltages and their correlation to joint positions. A new
approach is used to compensate for the missing data about joint velocities and accelerations,
which are important for the description of the inverse dynamics. Instead of deriving the miss-
ing data from the position and time information multiple time steps are used as additional
parameters in each training data set as shown in Figure 5.1. This avoids possible inaccuracies
of approximating the data and still gives the model the necessary context for the system dy-
namics. To account for the complex correlations of multiple joints in the nonlinear dynamics
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of this musculoskeletal robot, the training set for each joint also includes the data from all
other joints.
hip angle
knee angle
ankle angle
motor voltage
0.05 [s]data point time [s]
Figure 5.1: Schematic visualization of the 16 data points (red dots) contained in one training data sample
for one of the motors.
Published in [69]
5.3.2 Feed-Forward Control
The learned model can now be used to convert a desired joint trajectory into motor input
voltages which can be used in a feed-forward controller as depicted in Figure 5.2. To ensure
good results using the model the desired trajectory should be close to the ones used in the
training data. For a successful feed-forward control, the robot’s initial state needs to be as
close to the start position of the desired trajectory as possible. This is achieved by starting
with the feedback controller to move into this position and then switch to the feed-forward
control.
5.3.3 Bio-Inspired Control
The bio-inspired control approach evaluated here uses a similar setup to the feed-forward
approach, but adds a feedback control component to gain the advantages of both approaches
as shown in Figure 5.2. It is named bio-inspired since the feedback control runs with a slow
feedback loop at 40 Hz and a 25 ms delay - the approximate speed of the human nervous
system. Also, the feedback gains are reduced to 10% of the values used in pure feedback con-
trol. Again the robot is brought into its initial position using the feedback controller before
switching to the bio-inspired control.
5.3.4 Experiments
To compare the three control approaches they were each tested using two different motions,
one without and one with ground contact.
In the first motion the robot’s trunk is attached to an external frame, holding the robot in
the air with its legs hanging as can be seen in Figure 5.3 on the left. This allows to first test the
control approaches against a motion without the influences of ground contact. Here one leg
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robot outputinput - K   
robot outputinput model
+ robot outputinput
- K   
model
Feedback
Feed-Forward
Bio-Inspired
Figure 5.2: Schematic control diagrams of the feedback, feed-forward and bio-inspired controllers. The
input block produces the desired joint positions, while the robot block outputs the actual joint
positions. The input to the robot block coming from the different controllers are the motor
voltages.
Source: own representation
was to perform the transition between the retracted and touchdown positions of the alternate
hopping motion described in 6.1.4.
The second motion is performed with the robot standing with both foot tips on the ground
supporting its own weight and its trunk constrained to vertical translation by an external
frame as can be seen in Figure 5.3 on the right. Here the desired motion is a periodic up and
down swinging motion used in the synchronous hopping experiment before liftoff (see 6.1.3).
Figure 5.3: Experiments 1 (left) with the robot hanging from its trunk moving one leg between retracted
and extended positions. Experiment 2 (right) with the robot standing on its foot tips and alter-
nating between bent and extended positions.
Source: own representation
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5.3.5 Results
As can be seen from the trajectory plots shown in Figure 5.4 and Figure 5.5 all three controllers
showed a reasonable performance for both motions. The PD-controller exhibits a small delay
in the tracking of the target trajectory for both motions. In the first motion an increasing
oscillation especially in the hip joint can also be seen, while in the second motion an overshot
in the hip trajectory is can be clearly seen. This is the expected behavior of such a simple
controller applied to a complex elastic system.
While the feed-forward approach does not show these problems, it drifts away from the
target over time, best seen in the knee joint in Figure 5.4 and the ankle joint in Figure 5.5.
The bio-inspired control combines the advantages of the other two controllers which can
be seen in the two plots in Figure 5.6. Here the joint position errors in each joint for all
recorded data points are shown. It clearly shows the bio-inspired approach has the smallest
position error in all joints in both motions by reducing both, the typical delay of the feedback
control and the drift of pure feed-forward control.
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Figure 5.4: Experiment 1: Target trajectories and resulting joint angle trajectories for feedback, feed-
forward and bio-inspired control.
Published in [69]
5.3.6 Conclusion
Three joint level control approaches were investigated for the control of the highly elastic
musculoskeletal biped robot BioBiped1.
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Figure 5.5: Experiment 2: Target trajectories and resulting joint angle trajectories for feedback, feed-
forward and bio-inspired control.
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Figure 5.6: Joint position error for feedback, feed-forward and bio-inspired control for the two experiments.
Published in [69]
A naive feedback controller which is able to successfully produce different hopping mo-
tions as described in Chapter 6 was chosen as baseline for comparison. While it has low
implementation effort, it does not however account for the correlations of the dynamics of
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multiple joints and the series elastic actuation system and therefore shows the typical symp-
toms of delayed tracking, overshooting and oscillations.
The second candidate, a pure feed-forward multi-variable controller based on a learned
inverse dynamics model, does not show these problems. But as it is missing feedback from
the system, any difference between learned model and system leads, e.g. minimal deviation
in the initial condition, lead to a tracking error growing over time.
The third approach combines the model based feed-forward control with a slow delayed
feedback control to a bio-inspired controller. This leverages the advantages of the first two
by reducing the delay, oscillations and overshot with the feed-forward component and com-
pensating the growing tracking error with the feedback part.
While using a learned model as part of the control showed to be valid approach, it needs
significant effort to keep the learned model updated with all (unwanted) changes in the sys-
tem. Therefore, an automatic self updating model would make this a viable approach for
further use, but has not been investigated further in this work.
Furthermore, feed-forward control is used in humans for fast motions like running. Here
the goal of the human control system is not to track individual joint trajectories, but rather
to achieve a global motion goal, e.g. foot positioning. So a next step would be to evaluate the
bio-inspired control approach when applied to such motions goals.
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6 Experimental Evaluation of Basic Functionality
Prior to the development and adaption of suitable passive (i.e. spring stiffnesses, attachment
points) and active control parameters in the systematically guided experiments investigated
in Chapter 7, it is an important first step to test and evaluate a number of basic functionalities
of the system. A set of experiments was designed to cover the following functionalities:
• Mechanical robustness of the system
• Energy restitution of the elastic leg
• Actuation system dimensioning
• Exploitation of the system’s eigenfrequency
• Robustness against perturbations
Each functionality is covered by one or more of the experiments as can be seen in Table 6.1.
The experiments were conducted in increasing order of mechanical demand on the robot to
be able to correct possible problems before they lead to serious damage of the robot. Some
figures shown in this chapter have already been published in [60] and are marked accordingly.
Passive
Rebound
Single
Push-Off
Synchronous
Hopping
Alternate
Hopping
Perturbed
Hopping
Mechanical robustness x x x x x
Energy restitution x x x x
Actuation system dimensioning x x x x
Eigenfrequency exploitation x x x
Robustness of motions x x x
Table 6.1: The coverage of the evaluation of basic functionalities through the experiments.
During all the experiments shown here the software components described in 4.5 were
used to control the robot, monitor its state, record all sensor data and analyze them. The
author of this thesis has implemented all the mentioned software components, operated the
robot control software during the experiments and evaluated the recorded data.
The ability to monitor all data during live operation was important for manual tuning of
parameters and to avoid damages to the system due to overheating in the actuators or overex-
tension of springs.
Off-line analysis of the recorded data between experiments is an important part of the
experiments, as most parameters in the experiments in this chapter were tuned manually.
Therefore, an automated data filtering and visualization process helps to speed up the anal-
ysis time needed in between experiments, leading to a more time efficient operation.
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Passive
Rebound
Single
Push-Off
Synchronous
Hopping
Alternate
Hopping
Perturbed
Hopping
VAS stiffness [N/mm] 7.9 15.5 15.5 15.5 15.5
VAS knee lever arm [mm] 66.5 50.8 43.0 58.7 58.7
SOL stiffness [N/mm] 6.7 7.9 13 13 13
SOL ankle lever arm [mm] 50.8 50.8 43.0 58.7 58.7
GAS stiffness [N/mm] 4.1 4.1 - - -
GAS knee lever arm [mm] 32.6 32.6 - - -
GAS ankle lever arm [mm] 66.5 36.4 - - -
PL/TA stiffness [N/mm] rope rope 4.1 4.1 4.1
Table 6.2: Setup of the adjustable hardware parameters used in the different experiments.
6.1 Description of Experiments
In this section the setup and execution of the experiments which were designed to evaluate
the aforementioned basic functionalities of the robot are described. The evaluation of the
results follows in Chapter 6.2.
6.1.1 Passive Rebound
The first experiment performed with the newly developed robot prototype was a passive re-
bound after a drop from a fixed height to test its mechanical robustness and quantify the
energy restitution of its legs. The motors were controlled by a PD-controller to stay in fixed
positions during the whole experiment. To keep the robot in the desired initial position while
it was held in the air, ropes were used as flexors for knee and ankle. Their lengths were ad-
justed to keep the joints in their initial positions at 140 degrees for the ankle and 155 degrees
for the knee.
The robot was dropped without any external support while being recorded by a high speed
camera to measure the rebound height (Figure 6.1). The rebound occurred on a force plate
measuring the ground reaction forces (Figure 6.2) for use as ground truth data to calibrate
the robot’s foot force sensors. After the second rebound the robot needed to be externally
stabilized to prevent a fall, so only data recorded before this are evaluated.
Multiple configurations for the springs used in VAS, SOL and GAS were tested leading to
the most successful parameters shown in Table 6.2.
6.1.2 Single Push-Off
To test the ability of the robot’s actuation system to power a push-off motion needed to initi-
ate the following hopping experiments, first a single two-legged push-off was performed. The
robot was put on a force plate in a bent standing position with the knees at 125 degrees and
the ankles at 95 degrees. After about 100 ms of standing without external support the goal
position for the PD-controllers was switched to an extended leg configuration thrusting the
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(a) apex (b) apex (c) falling (d) touchdown (e) compression (f) liftoff
Figure 6.1: Passive rebound from 15 cm drop.
Published in [60]
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Figure 6.2: Vertical ground reactions force for passive rebound normalized to robot weight.
Published in [60]
robot upwards. Again the robot needed to be externally stabilized after the first flight phase
to prevent it from tilting over.
The setup parameters of the robot can be found in Table 6.2.
6.1.3 Synchronous Hopping
The robot is hopping with a synchronous motion of both legs while its trunk is externally
constrained to vertical translation. The desired motor trajectories are generated by switch-
ing both legs simultaneously between two different configurations corresponding to a bent
and an extended position represented by goal positions for the hip, knee and ankle extensor
motors. To transition between these two goal positions either a direct switching or a smooth
transition of the desired position for the PD-controller can be used. For the smooth transi-
tion a trajectory is interpolated starting from the current motor position and ending at the
goal position using the function described in Section 5.1.2.
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(a) initial position (b) extending (c) liftoff (d) apex (e) touchdown
Figure 6.3: Single push-off from bent position.
Source: own representation
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Figure 6.4: Vertical ground reactions force for single push-off normalized to robot weight.
Published in [60]
Switching the positions is realized using a single state machine (Section 5.1.2) for both legs
with two states shown in Figure 6.5, each representing one set of desired motor angles. The
transitions between these two states can either be based on fixed timing or can be initiated by
the detection of touchdown and liftoff from the forefoot ground contact force sensors. While
the fixed timings for the transitions can be tuned to allow for continuous hopping its does not
always leverage the eigenfrequency of the system. The eigenfrequency of the system depends
on the overall leg stiffness, which depends on the selected spring stiffnesses at each joint, but
also the joint angles during ground contact. Since the spring selection can be changed in
between experiments and the landing configuration can vary even between individual hops
a fixed timing does not always fit perfectly. So incorporating the transitions based on the
ground contact detection allows adjusting the timings dynamically. But the fixed timings are
still necessary in the beginning of the motion to allow the robot to start with an up and down
motion (while staying on the ground) to build up the energy in its elastic elements needed
for liftoff.
The setup parameters of the robot can be found in Table 6.2.
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bent extended
timeout
timeout
touchdown
liftoff
Figure 6.5: State machine for synchronous hopping with transitions based on timeouts or ground contact
events.
Source: own representation
First Approach
In the first approach a feed-forward generation of the motor trajectories and a direct switch-
ing between the goal positions for bent and extended configurations was used. Switching
between the two states representing the leg configurations was only done based on time and
had therefore be tuned to fit the current elastic properties of the legs. The resulting trajecto-
ries can be seen in Figure 6.6.
Figure 6.6: Synchronous feed-forward hopping. Top: Goal and actual position of the knee motor. Bottom:
Vertical ground reactions force measured at the foot tip.
Source: own representation
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Second Approach
In the second approach the feedback from the foot-force sensors was used to detect touch-
down and liftoff events. Based on these events the states for bent and extended configura-
tions were switched, allowing the trajectory to be adapted to the current elastic properties
of the legs. Additionally, the switching between goal positions was smoothed by interpola-
tion as detailed in Section 5.1.2 to produce less wear in the motors and gears. The resulting
trajectories can be seen in Figure 6.7.
6.1.4 Alternate Hopping
The robot is hopping alternately on its left and right leg while the trunk is again externally
constrained to vertical translation. The motion generation is done similar to the previous
experiment of synchronous hopping, but with two instances of the state machine, one for
each leg and each comprising three states (Figure 6.8). The states are again one for bent,
one for extended and a new one for retracted leg configurations. Further the state machines’
transitions are extended to synchronize the two state machine instances, forcing the two legs
to alternate in ground contact (Figure 6.9). Again a combination of fixed timings and ground
contact detection can be used to trigger state transitions.
Two motion generation approaches were tested, analog to the ones described in the syn-
chronous hopping experiment. First with timing based feed-forward generation of a trajec-
tory and direct switching of the goal angles (Figure 6.10). And second with additional feed-
back from ground contact events for state switching and smoothed transitions between goal
positions.
6.1.5 Perturbed Hopping
This experiment is based on the synchronous hopping motion with ground contact feedback
and smoothed goal trajectories. While hopping the robot is externally perturbed by chang-
ing the ground height and applying horizontal forces to the legs while in flight to change the
touchdown positions. To alternate the ground height in between touchdowns two triangu-
lar shaped wedges were inserted or removed under the left or right ground plates the robot
was hopping on. This resulted in changes in the ground height of up to 3 cm for each leg
individually.
Further, with ropes attached to the front and back of the legs horizontal forces were man-
ually applied during the flight phase leading to horizontal variations in the landing positions
of the feet of up to 10 cm for each foot individually.
In Figure 6.11 photos of three exemplary landing configurations and the resulting liftoffs
can be seen. Shown are a touchdown and liftoff for an unperturbed hop, for a hop with
changed ground height for the left leg and for a hop with the right leg pulled forward.
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Figure 6.7: Data recorded during synchronous feedback hopping showing the robustness of the motion
for more than 60 hops in the top figure and the details of one hop in the bottom figure. The
data shown contains the desired and actual positions of the left knee motor, the left knee joint
angle and the vertical ground reactions force measured at the left foot tip. The hop shown in
the bottom figure has a cycle time of 343 ms with a duty factor of 0.37.
Source: own representation
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this side
Figure 6.8: To generate an alternate hopping trajectory two instances of this state machine are running in
parallel (one for each leg) with transitions based on ground contact events of both legs. The
motion is started by dropping the robot with one state machine in ’bent’ state and the other in
’retracted’.
Source: own representation
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Figure 6.9: Timing diagram of the two state machines producing an alternate hopping trajectory for two
legs based on touchdown (TD) and liftoff (LO) events from both feet.
Source: own representation
An excerpt of the resulting trajectories can be seen in Figure 6.12, showing the time around
the landing with the right foot pulled forward seen in Figure 6.11(e). The altered landing
position leads to changed patterns in the ground reaction forces and the knee joint trajectory
for one cycle. As can be seen from the two following hops they quickly return to the previous
patterns in both joint angle trajectory and ground contact forces.
6.2 Evaluation of Results
6.2.1 Mechanical Robustness of the System
The first evaluation of the mechanical robustness was done in the passive rebound and single
push-off experiments. In both cases the robot showed no signs of mechanical damage or
deformation. Based on this the robot was seen fit to perform more demanding motions with
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Figure 6.10: Alternate feed-forward hopping. Top: Goal and actual position of the knee motor. Bottom:
Vertical ground reactions force measured at the foot tip.
Source: own representation
(a) compression (b) liftoff (c) compression (d) liftoff (e) compression (f) liftoff
Figure 6.11: Synchronous hopping with external perturbation through changes in ground height and hor-
izontal forces applied to the legs. Three compression phases are shown: (a) unperturbed
landing, (c) landing with changed ground height for the left leg and (e) landing after the right
leg has been pulled forward (time 88.25 s in Figure 6.12). The corresponding liftoffs are
shown in (b), (d) and (f).
Source: own representation
continuous hopping. In both the synchronous and alternate hopping experiments the robot
was able perform more than 100 continuous hops, limited mostly by mechanical wear of the
actuating ropes. In BioBiped1 the ropes were guided around small pulleys on plain bearings,
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Figure 6.12: Data recorded for the right leg during synchronous hopping with external perturbations and
ground contact feedback. Before the touchdown at time 88.2 s, this leg was pulled forward
as shown in the photo in Figure 6.11(e). This leads to a change in the ground reaction force
(GRF) of this hop (bottom) and different joint trajectory in the next flight phase (middle). The
motor trajectories are not affected (top). Both GRF and joint trajectory return to their previous
patterns in the following hopping cycle.
Source: own representation
which lead to quick wear of the ropes and some heating of the ropes due to friction. This
was addressed in an updated version of BioBiped1 and later generations by larger pulley on
ball bearings. Nevertheless, the ability to perform these hopping gaits is a good indicator
for the physical ability of the system to perform at least a slow jogging motion. Over longer
series of experiments the BioBiped1 robot showed some degradation in the hip roll joints’
and the body pitch joint’s mechanics leading to backlash in the actuation of those joints.
For the BioBiped2 robot those joints were removed to gain mechanical robustness. Further
the friction of the plain joint bearings in ankle and knee joints of BioBiped1 increased and
also became angle depended due to wear. To overcome this issue in BioBiped2 they were
replaced by ball bearings. More details about the mechanical improvements made for the
robot generations can be found in Section 4.6.
6.2.2 Energy Restitution of the Elastic Leg
The vertical component of the normalized ground reaction forces recorded by the force plate
during the passive rebound experiment can be seen in Figure 6.2. It shows that the first re-
bound results in a flight phase lasting about 150 ms and a second rebound. The height of
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the first rebound was measured from the high speed camera images to be 5 cm after a 15 cm
drop, which confirms an energy restitution of the leg elastic structure of about one third.
The energy restitution of the elastic elements can also be seen when comparing the results
from the single push-off and the synchronous hopping experiments. In both experiments
the same push-off motions was used, but it resulted in a much longer flight phase of 200 ms
in the synchronous hopping compared to the 80 ms in the single push-off. This improved
performance can be attributed to the energy storage in the elastic elements in the repeating
motion compared to the single shot motion.
6.2.3 Actuation System Dimensioning
In the single active push-off experiment ground reaction forces (see Figure 6.4) show an in-
crease during the push-off followed by a flight phase of about 80 ms. This shows the actuation
system’s ability to generate enough thrust to lift the robot off the ground, which is necessary
for hopping experiments.
In the plot of the synchronous hopping experiment (see Figure 6.6) it can be seen, that the
motors have enough power to move against the forces induced by the touchdown. Here the
knee motor can be seen moving towards the extended position over the whole stance phase,
first extending the spring and then also extending the joints again leading to the next liftoff.
The same holds for the alternate hopping (see Figure 6.10) were the motors of a single leg
have to do all the work. Even though the motor power was high enough for single legged
push-off, the overall transmission ratio in BioBiped1 was too high for fast retraction of the
swing leg. This was addressed by hardware changes in BioBiped2 detailed in Section 4.6.
6.2.4 Exploitation of the System’s Eigenfrequency
By using the ground contact events instead of fixed timings to switch between the extended
and bent leg configurations during synchronous hopping the hopping performance of the
system was increased. This can be attributed to better exploitation of the system’s eigen-
frequency which can change between multiple hops due to different landing configurations
and is therefore not optimally suited by any fixed value. The duty factor of the robot was re-
duced from 0.47 using fixed timings (see Figure 6.6) to 0.37 using ground contact event based
switching (see Figure 6.7).
6.2.5 Robustness of Motions
The synchronous and alternate hopping motions were robust enough to perform more than
100 continuous hops. Limiting factor was only mechanical wear in the ropes as described ear-
lier. The passive elastic properties of the system make it robust against variations in ground
contact timing so that even with the first approach using fixed cycle times hopping is pos-
sible, even though the fixed timings do not fit exactly each hopping cycle. Adapting the
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cycle times based on the ground contact feedback increased the performance of the hop-
ping as described above for the duty factors. But it also made the motions more robust, even
against manual external disturbances in ground contact time and position as described in
Section 6.1.5. Without any need to adapt the trajectory generation or motor control, hopping
on changing ground heights and with manually altered landing positions of the feet is pos-
sible. This can be attributed to the system’s inherent mechanical adaptation to the external
disturbances through its elastic elements and validates that the design approach used in the
BioBiped robot series helps to perform robust locomotion.
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7 Expert Guided Hardware-in-the-Loop Motion Optimization for Musculoskeletal Bipedal
Robots
In a hardware-in-the-loop optimization, experiments are conducted on the robot hardware
to determine the value of a quality criterion which is to be optimized. This chapter first mo-
tivates the use of hardware-in-the-loop optimization in comparison to optimizing solely us-
ing a simulation model. Then other approaches to optimization of bipedal musculoskele-
tal robots are described. An example application of an established hardware-in-the-loop
optimization approach for the BioBiped1 robot and its shortcomings are discussed. As the
increased complexity of a musculoskeletal robot with its mono- and biarticular elastic struc-
tures offers an even larger number of variables to optimize compared to conventional stiff
robots, a direct hardware-in-the-loop optimization would need more hardware experiments
than practically feasible. Therefore, a new concept for hardware-in-the-loop optimization is
presented, integrating expert knowledge and simulation results into the optimization process
to reduce the number of hardware experiments needed. This new concept is then demon-
strated in an example optimization of the performance of a synchronous hopping motion for
the musculoskeletal BioBiped2 robot.
7.1 Motivation and Problem Formulation
Hardware-in-the-loop optimization, where the robot hardware is used to evaluate a quality
criterion, plays a very important role in the optimization of mechanical and control param-
eters of musculoskeletal robots. Even though optimization using a simulation model has a
much smaller cost per experiment, the hardware is its only perfect "model". A simulation
model is always subject to idealization and abstraction only reflecting the properties of the
real robot that were deemed relevant for the goal of the simulation. And there will always be a
gap between simulations and real world systems as not all details can be identically mapped
to a model for simulation [32]. Dynamic effects that are very difficult to model perfectly in-
clude changes in contact with the ground or a constraining mechanism, internal friction and
spring properties of physical linear springs, which are never completely linear. Therefore,
the limited accuracy of current simulation models for highly dynamic motions with mus-
culoskeletal robots still does not allow fine tuning parameters for direct use on the robot
hardware. Furthermore, the robot hardware does not stay exactly the same over its whole
lifetime as it is affected by longterm effects like wear and short term effects like changes in
temperature or humidity, which are rarely accounted for in any practically usable simulation
model of a complex robotic system. A simulation model is rather built with idealizations to
be practically usable in terms of complexity and run-time performance by modeling only the
most relevant properties while still fulfilling a specific purpose. Nevertheless, a good simu-
lation model can be used to identify and exclude parameter spaces that will not give good
results when applied to the robot or might even damage the system. Using the knowledge
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gained from these simulation experiments to systematically plan the robotic experiments
helps to reduce the number of experiments needed on the robot thereby preventing poten-
tial damage and reducing the wear inflicted upon the hardware as well as the time needed to
perform the experiments.
Using a hardware-in-the-loop optimization approach with a robot can pose certain addi-
tional requirements on the robotic system. In order to be able to evaluate a desired optimiza-
tion criterion directly using the robot, it might be necessary to add specific sensors to the
system, which would otherwise not be needed in the normal operation of the system.
The parameters that are to be optimized range from mechanical passive control parame-
ters like spring stiffnesses and lever arm lengths to active control parameters like controller
gains or trajectory parameters. Because of the large number of these parameters in a muscu-
loskeletal robot, a pure black box optimization conducted on the hardware would need more
robot experiments than are practically feasible. A new concept is therefore presented in Sec-
tion 7.3 to reduce the number of experiments needed in an expert guided hardware-in-the-
loop optimization by the application of structured information from simulation experiments,
biomechanical understanding of the system and knowledge from previous experiments. But
first a conventional hardware-in-the-loop approach is discussed in the following section.
7.2 Conventional Approach of Hardware-in-the-Loop Optimization applied to BioBiped1
The contents of this section have been previously published in [70].
During bouncy gaits like fore-foot running or hopping the human leg is loaded and un-
loaded during ground contact while pivoting around the fore-foot [16]. Human-like three
segmented legs as used in the musculoskeletal BioBiped robot series offer the versatility to
perform similar motions. But in combination with series elastic joint actuation they also
bear the risk of overextension in the knee or ankle joint leading to a bow leg configuration
instead of the desired zig-zag configuration [73]. In bouncy gaits this risk occurs during the
loading and unloading phases and is subject to the stiffness ratios and initial positions of
the concerned joints. In the human leg the Gastrocnemius muscle (GAS) helps to prevent
this overextension by synchronizing the knee and ankle motion in hopping motions [64].
Based on this biomechanical insight, the effect of a GAS structure on the synchronization of
knee and ankle is investigated in simulation and on the BioBiped2 robot. The effect of a GAS
structure implemented as a linear spring is quantified by comparing the joint synchroniza-
tion during a passive rebound experiment with and without the GAS structure attached.
7.2.1 Experimental Setup
The simulation model (see [61]) and the robot were set up to perform a passive rebound from
a drop of fixed height, while the trunk is constrained to vertical translation (see Figure 7.1).
Landing on its foot tips the robot was able to rebound only from the reaction of the passive
springs in the elastic actuation. The legs were set up in different configurations, each describ-
ing the spring stiffness ratio of knee and ankle flexors as well as the initial angular difference
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Figure 7.1: (a) Elastic structures used during the passive rebound experiment (b) Visualization of the
BioBiped simulation model (c) BioBiped2 in the experimental setup for the robot experiments
Published in [70]
between knee and ankle joints. Absolute values for the knee and ankle joint angles were cho-
sen so that the initial leg lengths were constant for all experiments. The initial hip angle was
set to put the foot tips vertically below the hip joints. To gain insight into the effect of the
use of a linear spring as GAS structure every experiment was performed once with and once
without the structure attached. The rest length of the GAS structure was adjusted for each
parameter configuration to correspond to the initial leg configuration.
7.2.2 Evaluation Criterion
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Figure 7.2: Visualization of the joint trajectories during one of the robot experiments. Besides the actual
measurement data, the graph shows the surrogate functions, the total time T between leav-
ing the ε-neighborhood and reentering it and the time difference ∆t between the trajectories’
maxima (tA, tK).
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To quantify the synchronization of knee and ankle motion a joint synchronization index is
defined as phase difference ∆φ. This describes the ratio of the time difference ∆t between the
maximal joint deflection of the two joints and the total time T as can be seen in the following
equation:
∆φ= |tK− tA
T
|= |∆t
T
|
Where tK and tA are the times where knee and ankle are at their maximal deflection and T is
defined as the time from the ground contact until one of the joints comes back to its original
position (see Figure 7.2). To reduce the influences of measurement noise the calculation of tK
and tA is made based on a surrogate function used to approximate the joint angle trajectories
around the time of the maximal deflection. For a more robust detection of the total time T an
ε-neighborhood is used around the initial joint angles with ε set to 5% of the maximal joint
deflection. T is then calculated as the time from leaving the ε-neighborhood until the first
joint reenters it.
7.2.3 Parameter Space
Two variable parameters are evaluated during the experiments:
spring stiffness ratio R= kSOL/kVAS with k being the stiffness coefficient of the spring
initial joint angle difference ∆θ = θK,0− θA,0 with indices K and A referring to knee and ankle
joint respectively
The other parameters are constant over all experiments. The initial leg angels are calculated
from ∆θ to result in a constant initial leg length L0. L0 is set to be 94% of the maximal leg
length, which is the average value for humans at preferred hopping frequency (see [11]). The
stiffness of VAS kVAS was chosen to achieve a similar leg compression on rebound of about
10% of Lmax. For SOL the stiffness kSOL was then set according to the stiffness ratio R.
The values of the constant parameters are listed in the upper section of Table 7.1. In the
two tables below are the values used for the variable parameters in the robot experiments.
Each parameter combination was tested with and without the GAS structure attached. In
the simulation experiment many more values in the same parameter range were used to gain
more fine grained results.
7.2.4 Results
The synchronization index ∆φ is shown in Figure 7.3 for the simulation experiments (top row)
and the robot experiment (bottom row). The left and right column show the data plots with-
out and with the GAS structure, respectively. Each plot displays the synchronization index ∆φ
over the initial angular difference ∆θ (x-axis) and the spring stiffness ratio R (y-axis).
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CONSTANT PARAMETERS
Lmax [m] 0.727 kVAS [N/mm] 15.5 F0VAS [N] 36.8
L0 [m] 0.94 Lmax kGAS [N/mm] 7.9 F0GAS [N] 27.6
kPL/TA [N/mm] 4.1 F0PL/TA [N] 13.8
STIFFNESS RATIO R IN ROBOT EXPERIMENTS
EXPERIMENT A B C D E
R [-] 0.265 0.432 0.510 0.839 1.155
kSOL [N/mm] 4.1 6.7 7.9 13.0 17.9
F0SOL [N] 13.8 22.6 27.6 27.6 58.9
ANGLE DIFFERENCE ∆θ IN ROBOT EXPERIMENTS
EXPERIMENT 1 2 3 4 5
∆θ [deg] -7 -0.5 6.6 14.8 24.7
KNEE θK,0 [deg] 138 139.5 141.6 144.8 149.7
ANKLE θA,0 [deg] 145 140 135 130 125
Table 7.1: Constant and variable parameters used during the experiments: leg lengths Lmax and L0, spring
stiffnesses k and pretensions F0, spring stiffness ratios R and joint angles θ.
Published in [70]
The results show that a synchronous operation of the joints is possible without the GAS,
but only in a very narrow region (bright yellow to white in left column of Figure 7.3). To
keep the robot operating in this region precise adjustments of the spring stiffness ratio and
corresponding leg angle configurations would be needed to stay in the white region.
In the right column of Figure 7.3 it can be seen, that attaching the GAS structure broadens
this region of synchronous joint operation. Thus allowing for a synchronous joint operation
with fewer limitations on the values of R and ∆θ and reducing the risk of unwanted heel strike,
which dissipates energy.
7.2.5 Conclusion
The results in Figure 7.3 show that the implementation of a GAS structure as a passive linear
spring improves the synchronization of the knee and ankle deflection in every tested param-
eter combination. Even though synchronous operation of the joints is also possible without
the GAS structure in a narrow region of the parameter space, this region is significantly larger
with the GAS attached. Therefore, implementing the GAS structure helps to avoid unwanted
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Figure 7.3: Phase differences ∆φ of knee and ankle joints in the simulation (a, b) and in the robot exper-
iments (c, d) each without and with GAS respectively. The trials where heel contact occurred
during the stance phase are located in the lower right corner in both simulation and exper-
iments and are marked in magenta. The configurations used for the 50 robot experiments
(black circles) are shown in Table 7.1. As these configurations are not equidistant in the
graph the ∆φ values in-between the experiments have been linearly interpolated for easier
comparison with the simulation results.
Published in [70]
heel contact and reduces the risk of overextension of knee and ankle joints for varied landing
conditions. This improves the robustness of the segmented legs with respect to the time of
the ground contact in the gait cycle which is especially important on uneven ground.
While these results show the advantages of implementing a GAS structure, they do not an-
swer the question how to set up the GAS for a desired motion goal. Parameters of the GAS
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include for example its rest length, the lever arm ratio and its spring stiffness. Testing all dif-
ferent configurations on the robot in a grid based pattern search as was done in this section is
not feasible due to the high number of possible parameter combinations. From the results in
shown in Figure 7.3 it can also be seen, that optimizing only in simulation would not suffice
due to the differences to the robot results. Therefore, an approach is needed to efficiently per-
form a parameter optimization on the robot. A new concept to this is presented in the next
section, combining simulation results with an expert guided hardware-in-the-loop motion
optimization.
7.3 New Concept for Expert Guided Hardware-in-the-Loop Motion Optimization for
Musculoskeletal Bipedal Robots
The verbatim contents of this section have been published in [71].
Conventionally built bipedal robots are based on rigid kinematic chains combined with
stiff joint actuators which allow them to perform precise motions. Using established joint
and posture control concepts they achieve stable fast walking motions and even short flight
phases on flat ground [29]. But to allow for bipedal locomotion in unstructured environments
as seen in humans, robustness against unforeseen disturbances with respect to the time and
place of the ground contact is more important than precision. Leg kinematics with rigid actu-
ators are subject to high peak forces on unplanned ground contacts which can lead to dam-
ages in the actuators. Also, the stiff nature of the kinematic chain does not allow to store
and release energy between multiple steps to achieve human-like performance in running or
jumping.
In biological legged systems such performance is achieved through elasticity in the actu-
ation [74]. This can be transfered to mechanical systems by using series elastic actuators,
which can passively reduce peak forces. Further, they can be used to store and release energy
to make a cyclic gait more efficient by making the overall leg act as a spring. Implementing
the actuation in a musculoskeletal arrangement, using tendon driven series elastic actuators
(TD-SEAs) connected to the joints in an antagonistic setup, further advantages seen in hu-
mans can be exploited. The biarticular structures can help to synchronize the joint motions
to avoid overextension of individual joints, increasing the robustness of the overall leg mo-
tion [70]. Also, their ability to transfer energy from proximal to distal joints can be utilized to
design more lightweight extremities.
The BioBiped2 robot (see Figure 7.4 and 1) which uses TD-SEAs for its joint extensors with
passive springs as antagonists and biarticular structures is used in the example application
in Section 7.3.2. This robot is the second generation robot based on the insights gained from
the BioBiped1 platform described in [60]. It is also the first to which the approach proposed
in this paper is being applied. Hardware improvements over the first generation include ball
bearings in the joints, lower gear ratios for higher rope speeds and a modular electronics
design to allow the use of more sensors and actuators depending on the current motion goal.
1 http://www.biobiped.de
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Figure 7.4: (a) BioBiped2 robot used in the example application in Section 7.3.2 (6 degrees of freedom, mass: 11.5 kg, hip
height; 0.7 m). (b) Kinematic structure highlighting the relevant active TD-SEAs with motor and spring (Soleus
(SOL), Vastus (VAS)) and passive (Gastrocnemius (GAS)) structures. (c) Definition of the GAS rest angle α and
the GAS attachment point numeration 1 to 6.
To achieve a desired motion on such a musculoskeletal robot a number of parameters in
hardware and software influencing the passive and active dynamics and control properties
have to be designed and properly tuned. Using detailed multi-body system dynamics models
like for conventional rigid robots is an even more difficult process for musculoskeletal robots.
The highly elastic structures of the TD-SEAs, the dynamic interplay between multiple links
and joints through biarticular structures and changing interaction with the ground during
dynamic bouncing motions make a sufficiently accurate modeling of musculoskeletal robot
dynamics highly difficult. Differences between simulation model and hardware that are non-
trivial to remove include among others the non-linearities of physical springs, the unknown
friction in joints and the modeling of the ground contact [34]. Therefore, optimization of
these parameters only by robot dynamics simulation is not sufficient.
On the other hand using the actual robot in a hardware-in-the-loop optimization to find
the best parameter values is very expensive with respect to time and can also be harmful to
the robot hardware prototype. The number of robot experiments needed for the optimiza-
tion depends on the number of parameters involved. In musculoskeletal robots the addition
of elastic elements and biarticular structures increases this number compared to rigid robots.
Each experiment has a wear on the robot’s hardware, which restricts the number of experi-
ments possible. Further, the time needed for manually modifying hardware parameters, like
spring stiffness or lever arm length, makes each experiment costly. Damaging the hardware
through use of unsuitable parameter combinations adds to the cost of the robot experiments
in terms of repair time.
Therefore, a new approach is presented to reduce the costs of optimizing design and pa-
rameter tuning of musculoskeletal robots. The number of robot experiments needed is re-
duced through systematic interpretation of results of specifically designed simulation exper-
iments. Furthermore, parameter combinations are excluded which are possibly harmful to
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the hardware and by sequencing the experiments to have fewer hardware modifications in
between them.
7.3.1 State of the Art
Design and tuning of elastic musculoskeletal bipedal robots has been described by Hosoda
et al. [23, 38] and Niiyama et al. [47, 48].
In [23] the design, tuning and motion generation of a pneumatic biped which performs
jumping, walking and running motions is described. The motion parameters are manually
tuned for each of the motions performed without the use of simulation or optimization meth-
ods.
In [38] inertial measurement sensors in the trunk of the robot are used to detect its roll
angle for stabilization of a rebound motion. Since the experiments are performed only on
the hardware without help of simulation models, hundreds of trials on the robot are needed
to collected sufficient data.
While in [48] a simulation model is used to adapt human muscle activation patterns to
the Athlete robot simulation model, the resulting parameters are still manually tuned on the
robot afterwards.
In [60] the BioBiped1 musculoskeletal robot performs synchronous and alternate hopping
motions using a manually tuned parameters.
All mentioned approaches, as well as the experiments carried out on BioBiped versions 1
and 2 so far, used robot parameters manually tuned directly on the hardware without sys-
tematic exploitation of simulation results.
7.3.2 Expert Guided Optimization by Example
The goal of this work is to efficiently determine a parameter configuration for possibly op-
timal motion of the robot while keeping the number of hardware experiments and the time
consumed by performing them low. To find the optimal values for the relevant motion pa-
rameters a hardware-in-the-loop optimization is performed which is guided by a human
expert. This expert reduces the number of hardware experiments by applying knowledge
about the robot’s behavior gained from previous experiments, biomechanical understanding
of the system, and interpretation of results from simulation experiments. As the knowledge
from previous experiments and the biomechanical understanding are difficult to exploit in a
systematic and reproducible manner, this work will focus on the systematic generation, in-
terpretation and usage of the simulation results. This approach is split into the four steps
shown in Figure 7.5 which are detailed in the following sub-sections.
The approach is applied to the musculoskeletal bipedal robot BioBiped2 shown in Fig-
ure 7.4, which uses TD-SEAs based on DC-motors, synthetic ropes and metal extension
springs as actuators. For the simulation experiments a multibody system (MBS) simulation
model is used, that was developed for the BioBiped robot series in [61].
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Figure 7.5: Overview of the steps performed in the optimization process.
The overall goal of the BioBiped project is to perform different gaits on a single robot con-
figuration from jogging to walking to stable standing. As first step towards jogging with this
new robot model, hopping is considered. The performance of a synchronous hopping mo-
tion, including impacts and push-offs, is optimized here as a prerequisite for future jogging
motions. While in this robot multiple bi-articular structures can be attached, in this example
only the bi-articular GAS is used because of its relevance for the considered hopping motion.
A. Definition of Motion Goal and Optimization Settings
The motion goal needs to be defined including a quality criterion which can be measured
or derived for both the simulation and the hardware experiments. Using the human leg as
model, the biomechanical understanding of its functional structures is used to identify which
of the robot’s structures are relevant for the selected motion goal.
The goal of the example optimization is to improve the hopping performance in a syn-
chronous hopping motion. From biomechanics it is known, that human hopping is primarily
powered by ankle motion [11]. Therefore, the mechanical structures in the BioBiped2 robot
most relevant for this motion are the active mono-articular ankle extensor SOL and the pas-
sive bi-articular GAS.
So the parameters p subject to the optimization performed in this example application are
the stiffness of the SOL and GAS structures as well as the rest length and lever arm of the GAS.
For the SOL and GAS stiffness five different springs are available with their parameters listed
in Table 7.2. The GAS structure has a fixed lever arm length on the thigh and six possible at-
tachment points at the heel (shown in Figure 7.4(c)) with their distance from the center of the
joint listed in Table 7.2. Its rest length is the only continuous parameter which is described
through the knee and ankle angles corresponding to its rest position. This is the most practi-
cally viable approach on the robot, since both joints feature position encoders, which can be
used to measure the currently set rest length. Positioning the knee joint at 45deg bent from
full extension the adjustable GAS rest length corresponds to ankle joint angles between 0deg
and 40degbent from center position. This GAS rest angleα is defined as shown in Figure 7.4(c)
(with the SOL disengaged).
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The objective of the optimization is to minimize the quality value q ∈ R. It depends on
the vector of design parameters p, which may include real- and integer-valued parameters
and which are to be tuned by the expert guided optimization approach. The quality q of the
hopping is calculated from the duty factor qdf and the maximal center of mass (CoM) height
qcom as shown in Equation (7.1). The CoM position is located in the lower trunk in straight
standing, which is used as the fixed reference point for the hopping height measurements
q(p) =
qˆdf(p)+ qˆcom(p)
2
. (7.1)
Using just one of them for the quality might allow for non-hopping motions to achieve good
quality values, e.g. by just pulling up the feet for a low duty factor or just standing on fully ex-
tended legs for a high CoM height. The combination of both ensures an actual hopping mo-
tion with flight phase and upward motion of the CoM. To ensure an equal weight of both parts
they are normalized based on the minimal and maximal values found in the simulation cov-
erage experiments: qˆdf(p) = (qdf(p)− qmindf )/(qmaxdf − qmindf ), qˆcom(p) = (qcom(p)− qmincom)/(qmaxcom−
qmincom). Also, to formulate this as a minimization problem qcom is set to the negative maxi-
mal CoM height of one motion cycle. The values of the two parts are calculated as shown in
Equation (7.2):
qdf(p) =
tstance
tstance+ tflight
, qcom(p) =−hmax (7.2)
In simulation the maximal CoM height hmax can be directly read from the model as the high-
est point of the CoM trajectory during flight phase. For the robot experiments this value is
calculated as a combination of accelerometer and kinematic data. The vertical position of
the trunk is calculated from the measured joint angles via forward kinematics during ground
contact and the accelerometer data is used to calculate the trajectory during the flight phase.
The drift of the accelerometer is compensated using the heights of the trunk known from the
kinematics just before and after the flight phase.
The ground contact forces are used to divide the motion into stance and flight phase for
both the simulation and the robot. The duty factor qdf is calculated as stance time tstance in
relation to the time of a hopping cycle tstance + tflight. A minimal vertical force value of 10 N is
used to detect ground contact for the simulation and the robot to ensure equal calculations
for both.
As safety criterion for the robot the maximal forces fmax, that occur at the actuation struc-
tures for SOL, GAS and VAS, are compared to the force limit f springlimit of the spring currently used
in the respective structure on the robot which can be seen in Table 7.2. Configurations where
the limits of any of the three springs are exceeded as shown in Equation 7.3 are marked in the
visualization and excluded from the robot experiments to protect the mechanics.
f xmax > f
spring
limit , x ∈ [SOL,GAS,VAS] (7.3)
While hopping, the robot is stabilized by an external mechanism constraining its trunk mo-
tion to vertical translation. The hopping is performed on flat ground and the motor power
supply is limited to maximal output of 10V to protect the system.
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Attachment point 1 2 3 4 5 6
Distance [mm] 45.3 51.1 56.8 62.7 68.5 74.5
Spring constant [N/m] 4100 7900 10000 13000 15600
Force limit [N] 162.8 341.5 356.7 341.5 386.7
Table 7.2: Parameter values of the available attachment points and springs.
The motion trajectory is generated by a state machine with two states switching between a
bent and an extended leg configuration. Transitions between the two states are triggered by
the ground contact events touchdown and liftoff and trajectory transitions are smoothened
by a spline interpolation from the current actuator positions to the new goal positions. The
tracking of the trajectories is performed by a motor position controller with the same manu-
ally tuned gains in simulation and on the robot.
Initially the robot is in the bent configuration and is dropped manually from a height with
5 cm ground clearance.
B. Design of Simulation Experiments
The simulation experiments are designed to achieve three goals:
• Understanding the sensitivity of the quality criterion,
• Recognizing correlations of multiple parameters,
• Selecting a starting point for the robot experiments.
For the first two goals a coverage of the parameter space is needed and for the third an opti-
mization in simulation is used to find a good starting point.
To achieve a good coverage of the parameter space with the simulation in feasible time the
continuous parameter GAS rest angle is discretized into nine values. Together with the three
discrete parameters this results in a total number of parameter configurations for the cover-
age simulation experiments of 9∗5∗5∗6 = 1350. With an average of 10 s needed to simulate
the experiment for one configuration the approximate total time needed for simulation is
3h 45m, which allows for a full factorial design of experiments [4].
To optimize the continuous parameter this nonlinear function with continuous and dis-
crete variables a mixed-integer nonlinear problem (MINLP) has to be solved without gradient
information. A surrogate based mixed-integer nonlinear black box optimization is chosen
[18], which can make use of the already extensive data gained in the coverage experiments as
initial data set for its surrogate function.
C. Visualization and Interpretation of Simulation Results
The goal in this step is to systematically leverage the results from the simulation experiments
to help plan the robot experiments to be as efficient as possible. Mapping the simulation
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results to the robot results is difficult to automate, since the model error of the simulation and
any inaccuracies in setup of the hardware are not known. Results from the robot experiments
could be used to improve the simulation accuracy, but this is beyond the scope of this work.
Therefore, a systematic approach is used to leverage the knowledge gained by interpreting
the simulation results with the help of visualization of the quality criterion.
As the parameter space has four dimensions plus the dimension of the quality criterion the
visualization has to be split into multiple plots. A two dimensional grid of two dimensional
plots was chosen with the quality criterion represented through color as can be seen in the
overview Figure 7.6. Due to space constraints only a subset of the parameter space is visual-
ized in more detail in this publication. For the reduction of the parameter space three plots
showing different sectional planes through the optimal configuration found in simulation are
shown in Figure 7.7.
Exclusion of harmful parameter configurations
As can be seen in the overview Figure 7.6 and in the detailed plots in Figure 7.7 only a few
harmful configurations, marked as magenta diamonds, were identified in simulation based
on Equation (7.2). These configurations lead to maximal forces in one of the three elastic
structures of SOL, GAS or VAS that were higher than the specified force limit of the springs
to be used on the robot. To protect the robot from damage, these configurations will be ex-
cluded from the robot experiments.
Adjustment of the quality criteria visualization boundaries
The upper boundary for the quality criterion is set to 0.7 in the visualizations shown in this
paper. This value was manually selected by the expert to focus on the relevant area of the
parameter space and clearly show the differences in the quality around the optimal value as
can be seen in Figure 7.7.
Exclusion of parameters
In Figure 7.7(b) it can be seen that the stiffness value of the GAS structure has only a very
small influence on the quality criterion, but cannot completely be excluded from the opti-
mization.
Recognition of parameter correlations
By visualizing all sectional planes of the parameter space as shown in Figure 7.7, linear
correlations between all parameter combinations can be visually inspected. In this example
application, a linear correlation is only found between GAS rest angle and GAS attachment
point as shown in Figure 7.7(c). This information is used in the next section when planning
the robot experiments.
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Figure 7.6: An overview of the results gained through the simulation coverage experiments spread over the parameter space.
All plots show the same sectional plane of the parameter space with the GAS rest angle on the x-axis and the
SOL stiffness on the y-axis. The plots in each column share the same GAS attachment point 1 to 6 from left
to right. The plots in each row have the GAS stiffness in common, with the lowest spring coefficient in the
top and the highest in the bottom row. A more detailed excerpt of the plot with the best value can be found
in Figure 7.7(a). (black circles: simulation experiments colored with quality values (best values are dark blue),
magenta diamonds: harmful configurations, green circle in bottom row second column: the best value found)
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Figure 7.7: Three different sectional planes of the simulation results cut through the best configuration. (black circles: simu-
lation experiments colored with quality values, magenta diamonds: harmful configurations, green circle: the best
value found)
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D. Expert Guided Robot Experiments
Based on the interpretation of the simulation results the robot experiments can now be
planned and executed in a more efficient manner.
Design for the initial robot experiments
First a start configuration for the robot experiments has to be selected. Based on the sim-
ulation results, it is safe to use the optimal configuration found in simulation, as no harmful
configurations are close to it. The initial robot experiments are planned around the start con-
figuration varying each parameter by a single step in both directions as proposed in [4] with
the central finite differencing approach described in [4]. The step size is chosen for the dis-
crete parameters to be one step and for the continuous GAS rest angle to be the size of its
discretization. As these step sizes show significant changes in the quality criterion, this will
give the expert a first impression of the gradients of each parameter on the robot and allow
for a visual mapping between simulation and robot results.
Execution and further selection of robot experiments
After the seven initial experiments, the results are visualized, shown in the top left plot in
Figure 7.8(a) entitled ’experiment 7’. Here it can be seen, that the best configuration so far
(marked with a green circle) has a lower SOL stiffness than the optimum found in simulation
(marked with a purple square). Following the gradient in the quality value towards the next
lower SOL stiffness value reveals an even better result in ’experiment 8’. By following this
gradient further along the SOL stiffness and GAS rest angle parameters a local optimum is
found in ’experiment 10’. As the visualization after ’experiment 12’ shows that the SOL stiff-
ness parameter set to 10000 Nm leads to the best results in this sectional plane, the search is
continued in the sectional plane between GAS attachment point and GAS rest length shown
in Figure 7.8(b). Due to the linear diagonal correlation found in this plane in the simulation
experiments, neighboring configurations along this correlation are tested in experiments 13
and 14 as shown in Figure 7.8(b). In experiments 15 and 16 more fine grained changes of
2deg to the continuous GAS rest angle parameter are tested with no further improvement of
the quality criterion. With experiments 17 to 19 all direct neighbors of the best configuration
found so far are tested.
Termination of the robot experiments
The termination criterion used in this example application is the confirmation of a local
optimum. To ensure a local optimum also the neighboring values along the parameter cor-
relation found in simulation between GAS rest angle and GAS attachment point have been
tested.
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N
m . In
experiments 13 and 14 the attachment point and rest length of GAS were optimized by first testing the
two points along the diagonal correlation of the two parameters known from the simulation results (Fig-
ure 7.7(c)). Then in experiments 15 and 16 the continuous rest angle of GAS was modified more fine
grained than in the discretized steps used before. Finally, in experiments 17 to 19 the best configuration
found so far was confirmed to be at least a local optimum.
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Figure 7.8: Iterative construction of the visualization for the results of the robot experiments. Markers show the best con-
figuration from simulation as purple square, the best configuration on robot so far as green circle and the newly
added result as red star.
7.3.3 Comparison to Surrogate Based Optimization Method
To be able to evaluate the proposed approach, a conventional hardware-in-the-loop opti-
mization is applied to the example application for comparison. The optimization problem
is formulated as a minimization problem using the quality criterion q as described in Equa-
tion (7.1). Additionally, the safety criterion described in Equation (7.3) is used based on the
simulation data to identify harmful configurations before they are tested on the robot. When
the optimization chooses to evaluate such a harmful configuration, it is not performed on
the robot, but marked as infeasible for the optimization. The optimization terminates, when
the quality criterion converges or the number of robot experiments after the initial design is
twice that of the expert guided approach, namely at experiment 31.
The optimization has to be performed with a problem solver capable of handling mixed-
integer nonlinear problems. A surrogate based mixed-integer black box optimization ap-
proach (SurOpt) [18] has been shown to find good parameter configurations with a low num-
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Figure 7.9: Comparison of the quality criterion value over the course of the expert guided and SurOpt optimization robot
experiments. It can be seen that the same seven initial configurations have been used on both approaches.
Afterwards the expert guided approach improves the quality criterion much quicker and finds the best solution in
experiment 10 while SurOpt finds the same configuration only in experiment 28.
ber of hardware experiments for related problems [19]. Therefore, it is a valid candidate for
comparison with the expert guided approach presented in this work.
The parameters to be optimized are the same as in the expert guided approach: SOL stiff-
ness, GAS stiffness, GAS attachment point and GAS rest angle. The ranges of these parameters
are normalized to be mapped to the ranges from 0.0 to 1.0 to allow for an efficient search in
all parameter dimensions. A branch and bound approach is used to handle the three discrete
parameters. A distance based update criterion is used in this optimization (compare [18],
Chapter 4.2), which enforces a minimal distance ε between tested configurations. The value
of ε is chosen to be 0.025, corresponding to changes in the GAS rest angle of 1 deg, which is
the minimal change that is practically feasible on the robot.
As suggested in [18], expert’s guesses are used for the initial design points. Here the op-
timization is started on the robot with the same initial design around the simulation opti-
mum. Sequential updates to the parameter configuration are selected by the optimization
algorithm to either improve the quality criterion or the surrogate function mean square error
as described in [19]. The configurations are tested on the robot and evaluated in the same
manner as for the expert guided experiments making the resulting quality values directly
comparable.
The optimization found the same solution as the expert guided approach after 28 robot
experiments, but its termination criterion of converging results was not yet fulfilled. After
31 experiments the optimization was stopped with the maximum number of experiments
defined as second termination criterion.
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7.3.4 Discussion of Results
SOL GAS results num.
stiffness
[N/m]
stiffness
[N/m]
attach-
ment
point
rest
angle
[deg]
q
qcom
[m]
qdf
robot
experi-
ments
manual
tuning
15600 7900 3 30 0.443 0.783 0.383 14
simulation 15600 15600 2 30 0.375 0.795 0.352 0
expert
guided
10000 15600 2 35 0.342 0.805 0.354 19
SurOpt 10000 15600 2 35 0.342 0.805 0.354 31
Table 7.3: Shown are the parameter configurations p for the best (minimal) quality values q(p) found with manual tuning,
the simulation optimization, the expert guided approach and the SurOpt optimization. The resulting quality values
were produced on the BioBiped2 robot. The number of robot experiments needed to find these configurations are
listed in the last column.
The best parameter configurations p found by manual tuning, the simulation optimization,
the expert guided approach and the SurOpt optimization with their corresponding quality
values q(p) and maximal CoM heights evaluated on the BioBiped2 robot are listed in Ta-
ble 7.3. The quality from the manually tuned result of 0.443 is improved already by using
the optimal configuration found in simulation on the BioBiped2 robot which leads to a qual-
ity value of 0.375. Further improvement was possible using the expert guided approach and
the SurOpt hardware-in-the-loop optimization, both resulting in the same optimal configu-
ration with a quality of 0.342.
While the expert guided approach and the SurOpt optimization both find the same optimal
configuration the former needs fewer robot experiments as shown in Figure 7.9. It can be
seen that it took SurOpt 28 experiments to find this optimum while the expert found it on the
10th experiment.
To better understand the results the quality value can be split into its two parts, the maximal
center of mass height qcom and the duty factor qdf. While the quality improvement through the
simulation stems from both the maximal CoM height and the duty factor, the improvement
made in the robot experiments comes from an increased maximal CoM height. Compared
to the manually found configuration the optimal configuration found in simulation already
results in an improvement of the maximal CoM height of 12 mm. But the optimal solution
found by both the expert guided and the SurOpt optimization gives an even higher gain of
22 mm while the duty factor is almost the same as found through simulation.
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7.3.5 Conclusion
This work introduces a systematic approach to optimize parameters of a musculoskeletal
bipedal robot efficiently by reducing the number of needed hardware experiments through
exploitation of simulation results. By systematic interpretation of the simulation results
an expert can plan the hardware experiments to be more efficient than a state-of-the-art
hardware-in-the-loop optimization method.
A parameter optimization of the musculoskeletal BioBiped2 robot to increase hopping per-
formance was used as an example application to compare this new approach with a state-of-
the-art hardware-in-the-loop optimization method. The parameters selected for optimiza-
tion all had significant influence on the quality criterion, except for the stiffness of the GAS.
As the quality criterion is a performance criterion which reflects the hopping height of the
musculoskeletal robot, this can be explained through the biomechanical understanding of
the role of the GAS structure. Its main purpose is to distribute power between the knee and
ankle joints and not to store and release energy in its elastic element. Therefore, its elastic
property is not as important for the quality criterion when compared to its other two param-
eters, rest length and lever arm, which shape the kinematics of the power transfer. The other
two parameters of the GAS (lever arm length and rest length) showed significant influence
on the hopping performance. As the role of the GAS in human locomotion includes pow-
ering the push-off of the leg before the swing phase, it can be concluded that optimizing its
parameters is important to improve the locomotion performance.
In this example application the newly presented expert guided approach needed a total
number of 19 hardware experiments to find and validate the optimal configuration. While the
state-of-the-art optimization method found the same solution, 31 experiments were needed
and no validation of it to be at least a local optimum was included. Further, through the
expert guided sequencing of the experiments less time was needed for the hardware mod-
ification between experiments. In total the newly presented approach needed only 61% of
the robot experiments and 52% of the time for the experiments and hardware modifications
compared to the other optimization method while finding the same result.
Although the presented approach can be applied to general robot designs as well, it is
expected to be most beneficial for highly complex robot designs such as musculoskeletal
robots. For such robots with biomechanically inspired elasticity and damping properties,
optimally balancing passive and active dynamics and control properties through parameter
tuning is less effective with existing approaches.
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8 Conclusion
Currently, most bipedal robots that can perform stable walking are designed and built as
kinematic chains of rigid joints and links. Even though it was demonstrated that they can
perform stable walking and also slow jogging with small flight phases their performance and
efficiency is quite limited compared to human locomotion.
This is in part due to the lack of elasticity and compliance, which is an essential part of the
human tendon driven actuation system. However, this significantly complicates design and
control if purposely introduced to a robot’s joint actuators. Using a musculoskeletal leg de-
sign with tendon driven series elastic actuators as investigated in this thesis for the BioBiped
robot series allows exploiting the compliant properties to protect actuators from impacts and
the elastic properties to conserve energy between steps as shown in Section 6.1.1. Further the
biarticular structures in a musculoskeletal setup allow for power transfer towards distal joints
and help synchronize multiple joints preventing overextension as shown in Section 7.2.
But by adding elasticity and biarticular couplings the complexity with respect to setup, con-
trol and modeling of such musculoskeletal robots is strongly increased. The elasticity and
the additional couplings raise the requirements on the control system (see Chapter 3) and
the control concepts (see Chapter 5) needed to perform motions of high quality. An new ap-
proach for the control of such a complex robot with highly nonlinear motion dynamics based
on a learned inverse dynamics model has been investigated successfully in Section 5.3. The
results show the validity of this approach for this problem, but the effort needed for the model
generation and its adaptation to hardware changes is relatively high.
To enable the use of a large variety of novel control methodologies as such model based,
multi-variable control approaches, a specific electronic control system architecture has been
developed and successfully been applied and validated in this thesis for the BioBiped robot
series (Section 4.4). It is a modular architecture to allow for extensibility of the robots with ad-
ditional sensors and actuators over the evolution of the prototype generations. But still allows
for true multi-variable control, without the use of local controllers at each actuator, which is
used in most other bipedal robots. This is achieved by providing a central control system
with all low-level sensor data over a low latency, high bandwidth EtherCAT bus connection.
With enough computational power, this central control system can be used for online, model
based control approaches under real-time constraints.
For the development of a new prototype series of robots it is important to improve the
mechanical and electronic design from one robot generation to the next. To identify possi-
ble areas of improvement for the hardware, systematic evaluation of basic functionalities of
the robot are needed as described in Chapter 6. With these experiments the hardware de-
sign of the BioBiped robot series has been evaluated and advanced successfully over three
generations as detailed in Section 4.6.
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During development and operation of robotic systems suitable tools are needed to to mon-
itor the robot’s behavior and and (re-)configure its motion parameters to progress efficiently.
Since no integrated graphical user interface (GUI) existed for the used robotic middleware
ROS, a new GUI framework was developed in this thesis originally for application to the Bio-
Biped robots. The code was also released as open source in the rqt project which has become
the standard GUI for ROS. It is now being used worldwide in robotics research and develop-
ment as detailed in Section 4.5.2.
In musculoskeletal robots, the increased number of parameters involved in the actuation
of each joint due to the additional elastic elements and joint couplings makes the setup of
such a robot more difficult. The use of well suited parameter values plays an important part
in the exploitation of the potential advantages of the highly elastic musculoskeletal robot.
Due to the difficulties in accurately modeling and simulating such a complex robot there is a
non-negligible difference between simulation and robot (see, for example, Figure 7.3). Con-
sequently, an optimization of the parameters only in simulation is not sufficient, rather the
real robot has to be involved in the optimization process. However, the costs of hardware
experiments are a combination of time needed for hardware setup, modifications and exper-
iments as well as wear and even damages to the robot that require repair time. To keep the
overall costs of parameter optimization low, it is important to reduce the number of hardware
experiments.
Therefore, the new concept presented in this thesis in Section 7.3 allows reducing the num-
ber of hardware experiments needed for parameter optimization. A systematic approach is
described and validated that uses expert guided robot experiments to efficiently find good
parameter values on the robot. The expert uses biomechanical understanding of the func-
tional structures of the human leg and the visual interpretation of specific simulation results
to plan and conduct the robot experiments efficiently. Further the tailored use of simulation
results helps to reduce the risk of damaging the robot due to harmful parameter values.
This new concept has been validated in an example application for the musculoskeletal
BioBiped2 robot. As a prerequisite for the investigation of jogging motions, the performance
of a synchronous two-legged hopping motion has been optimized. The hardware parame-
ters of the biarticular Gastrocnemius and mono-articular Soleus structures at the ankle joint
are the most relevant for hopping in humans. Simulation experiments were used to identify
correlations between the parameters and find a suitable start configuration for the robot ex-
periments. With the expert guided robot experiments it was possible to improve the hopping
performance compared to the previously used manually tuned parameter values and also
compared to the optimal values found in simulation.
As benchmark for its efficiency, this new concept was compared to a state-of-the-art
hardware-in-the-loop optimization solving the same problem. While basically the same
parameter values were found by both approaches the expert guided approach needed 39%
fewer robot experiments to find the solution and validate it at least as a local optimum.
The new concept presented in this thesis offers a systematic approach to efficiently opti-
mize parameters directly for the musculoskeletal robot. It yields better results than manual
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tuning of the robot’s parameters or their optimization in simulation. Compared to a state-of-
the-art hardware-in-the-loop optimization it significantly lowers the costs of the optimiza-
tion process by reducing the number of robot experiments needed. This makes it a greatly
useful methodology for improving the performance of highly elastic musculoskeletal robots.
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